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INTRODUCTION TO POLY(3-HYDROXYALKANOATES)

Storage Material

Poly(3-hydroxyalkanoates) (PHAs) are structurally simple
macromolecules synthesized by many gram-positive and gram-
negative bacteria. PHAs are accumulated as discrete granules
to levels as high as 90% of the cell dry weight and are generally
believed to play a role as sink for carbon and reducing equiv-
alents. When nutrient supplies are imbalanced, it is advanta-
geous for bacteria to store excess nutrients intracellularly, es-
pecially as their general fitness is not affected. By polymerizing
soluble intermediates into insoluble molecules, the cell does
not undergo alterations of its osmotic state and leakage of
these valuable compounds out of the cell is prevented. Conse-
quently, the nutrient stores will remain available at a relatively
low maintenance cost and with a secured return on investment
(36, 182, 239, 240, 286).

Once PHAs are extracted from the bacterial cell, however,
these molecules show material properties that are similar to
some common plastics such as polypropylene (20). The bac-
terial origin of the PHAs make these polyesters a natural
material, and, indeed, many microorganisms have evolved the
ability to degrade these macromolecules. Besides being biode-
gradable, PHAs are recyclable like the petrochemical thermo-
plasts. This review summarizes the chemical and physical prop-
erties of PHAs and the biochemical and genetic studies of the
pathways involved in PHA metabolism. Within this framework,
the scientific advances that have been made with the available
pha genes for economic PHA production processes will be
described.

Chemical Structure

The many different PHAs that have been identified to date
are primarily linear, head-to-tail polyesters composed of 3-hy-
droxy fatty acid monomers. In these polymers, the carboxyl
group of one monomer forms an ester bond with the hydroxyl
group of the neighboring monomer (Fig. 1). In all PHAs that
have been characterized so far, the hydroxyl-substituted carbon
atom is of the R configuration, except in some special cases
where there is no chirality. At the same C-3 or 3 position, an
alkyl group which can vary from methyl to tridecyl is posi-
tioned. However, this alkyl side chain is not necessarily satu-

FIG. 1. Chemical structure of PHAs. PHAs are generally composed of (R)-
B-hydroxy fatty acids, where the pendant group (R) varies from methyl (C,) to
tridecyl (C,3). Other fatty acids that have been incorporated have the hydroxy
group at the v, 3, or € position, while the pendant group may be saturated or
unsaturated or contain substituents. The best-known PHAs are P(3HB) (R =
methyl), P(3HB-3HV) (R = methyl or ethyl), and P(3HO-3HH) (R = pentyl or
propyl).

rated: aromatic, unsaturated, halogenated, epoxidized, and
branched monomers have been reported as well (1, 25, 32, 44,
58-60, 85, 125, 126, 135, 247). Specialized, unnatural mono-
mers such as 4-cyanophenylvalerate have been incorporated to
obtain new polymers with special properties (124). As well as
the variation in the alkyl substituent, the position of the hy-
droxyl group is somewhat variable, and 4-, 5- and 6-hydroxy
acids have been incorporated (51, 131, 277-279). Substituents
in the side chains of PHAs can be modified chemically, for
instance by cross-linking of unsaturated bonds (39, 67, 68).
This variation in the length and composition of the side chains
and the ability to modify their reactive substituents is the basis
for the diversity of the PHA polymer family and their vast array
of potential applications that are described below.

Historically, poly(3-hydroxybutyrate) [P(3HB)] has been
studied most extensively and has triggered the commercial
interest in this class of polymers. P(3HB) is the most common
type of PHA, and the ability of bacteria to accumulate P(3HB)
is often used as a taxonomic characteristic. Copolymers of
P(3HB) can be formed by cofeeding of substrates and may
result in the formation of polymers containing 3-hydroxyvaler-
ate (3HV) or 4-hydroxybutyrate (4HB) monomers. Together,
polymers containing such monomers form a class of PHAs
typically referred to as short-side-chain PHAs (ssc-PHAs). In
contrast, medium-side-chain PHAs (msc-PHAs) are composed
of C4 to C, 3-hydroxy fatty acids. These PHAs are synthesized
from fatty acids or other aliphatic carbon sources, and, typi-
cally, the composition of the resulting PHA depends on the
growth substrate used (17, 105, 135). msc-PHAs are also syn-
thesized from carbohydrates, but the composition of these
PHAs is not related to the carbon source (84, 102, 270). The
vast majority of microbes synthesize either ssc-PHAs contain-
ing primarily 3HB units or msc-PHAs containing 3-hy-
droxyoctanoate (3HO) and 3-hydroxydecanoate (3HD) as the
major monomers (6, 142, 249, 252).

Physical Characteristics

The molecular mass of PHAs varies per PHA producer but
is generally on the order of 50,000 to 1,000,000 Da. Although
aliphatic polyesters have been studied extensively since the
1920s, their properties were not remarkable and did not initi-
ate a great commercial interest at that time. This was primarily
due to the use of relatively impure substrates at the time, which
limited the molecular masses of these polymers to 20,000 to
30,000 Da (159). Bacterially produced P(3HB) and other
PHAs, however, have a sufficiently high molecular mass to
have polymer characteristics that are similar to conventional
plastics such as polypropylene (Table 1).

Within the cell, P(3HB) exists in a fluid, amorphous state.
However, after extraction from the cell with organic solvents,
P(3HB) becomes highly crystalline (43) and in this state is a
stiff but brittle material. Because of its brittleness, P(3HB) is
not very stress resistant. Also, the relatively high melting tem-
perature of P(3HB) (around 170°C) is close to the temperature
where this polymer decomposes thermally and thus limits the
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TABLE 1. Properties of PHAs and polypropylene”

Value for”:
Parameter
P(3HB) P(3HB-3HV) P(3HB-4HB) P(3HO-3HH) PP
T, (°C)° 177 145 150 61 176
T, (°C)* 2 -1 -7 -36 -10
Crystallinity (%) 70 56 45 30 60
Extension to break (%) 5 50 444 300 400

“ Data from reference 42.

® P(3HB) is poly(3-hydroxybutyrate), P(3HB-3HV) is poly(3-hydroxybutyrate-co-3-hydroxyvalerate) containing 20% 3HV, P(3HB-4HB) is poly(3-hydroxybutyrate-
co-4-hydroxybutyrate) containing 16% 4HB, P(3HO-3HH) is poly(3-hydroxyoctanoate-co-3-hydroxyhexanoate) containing 11% 3HH, and PP is polypropylene.

¢T,, is melting temperature.
4T, is glass transition temperature.

ability to process the homopolymer. Initial biotechnological
developments were therefore aimed at making PHAs that
were easier to process. The incorporation of 3HV into the
P(3HB) resulted in a poly(3-hydroxybutyrate-co-3-hydroxyval-
erate) [P(3HB-3HV)] copolymer that is less stiff and brittle
than P(3HB), that can be used to prepare films with excellent
water and gas barrier properties reminiscent of polypropylene,
and that can be processed at a lower temperature while retain-
ing most of the other excellent mechanical properties of
P(3HB) (159). In contrast to P(3HB) and P(3HB-3HV), msc-
PHASs have a much lower level of crystallinity and are more
elastic (73, 208). These msc-PHAs potentially have a different
range of applications from the ssc-PHAs.

Biological Considerations

The diversity of different monomers that can be incorpo-
rated into PHAs, combined with a biological polymerization
system that generates high-molecular weight materials, has
resulted in a situation where an enormous range of new poly-
mers are potentially available. The advent of genetic engineer-
ing combined with modern molecular microbiology now pro-
vides us with the exceptional framework for studying plastic

properties as a function of genetic and metabolic blueprints. In
fact, it presents an enormous challenge to our scientific disci-
pline to fully explore this biology to ensure that environmen-
tally friendly polyesters are available for generations to come.
Biodegradability. Besides the typical polymeric properties
described above, an important characteristic of PHAs is their
biodegradability. In nature, a vast consortium of microorgan-
isms is able to degrade PHAs by using secreted PHA hydro-
lases and PHA depolymerases (for a review of the microbiol-
ogy and molecular genetics of PHA degradation, see reference
111). The activities of these enzymes may vary and depend on
the composition of the polymer, its physical form (amorphous
or crystalline), the dimensions of the sample, and, importantly,
the environmental conditions. The degradation rate of a piece
of P(3HB) is typically on the order of a few months (in anaer-
obic sewage [Fig. 2]) to years (in seawater) (111, 167-169).
Renewable nature. As important as the biological character-
istics and biodegradability of PHAs is the fact that their pro-
duction is based on renewable resources. Fermentative pro-
duction of PHAs is based on agricultural products such as
sugars and fatty acids as carbon and energy sources. These
agricultural feedstocks are derived from CO, and water, and
after their conversion to biodegradable PHA, the breakdown

FIG. 2. Degradation of P(3HB-3HV) in aerobic sewage sludge. Bottles made of P(3HB-3HV) were incubated during the summer (average temperature, 20°C) in
aerobic sewage sludge. The progress of degradation is demonstrated with bottles that have been subjected to this treatment for 0, 2, 4, 6, 8, and 10 weeks (from left
to right). Photograph courtesy of Dieter Jendrossek, Georg-August-Universitit, Gottingen, Germany.
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FIG. 3. Biosynthetic pathway for P(3HB). P(3HB) is synthesized in a three-step pathway by the successive action of B-ketoacyl-CoA thiolase (PhbA), acetoacetyl-
CoA reductase (PhbB), and P(3HB) polymerase (PhbC). The three enzymes are encoded by the genes of the phbCAB operon. A promoter upstream of phbC transcribes

the complete operon.

products are again CO, and water. Thus, while for some ap-
plications the biodegradability is critical, PHAs receive general
attention because they are based on renewable compounds
instead of on our diminishing fossil fuel stockpiles (293).

Applications

PHAs are natural thermoplastic polyesters, and hence the
majority of their applications are as replacements for petro-
chemical polymers currently in use for packaging and coating
applications. The extensive range of physical properties of the
PHA family of polymers and the broadened performance ob-
tainable by compounding and blending provide a correspond-
ingly broad range of potential end-use applications, as de-
scribed in numerous patents.

Initial efforts focused on molding applications, in particular
for consumer packaging items such as bottles, cosmetic con-
tainers, pens, and golf tees (9, 10, 287). U.S. patents 4,826,493
and 4,880,592 describe the manufacture of P(3HB) and
P(3HB-3HV) films and their use as diaper backsheet (163,
164). These films can also be used to make laminates with
other polymers such as polyvinyl alcohol (91). Diaper back-
sheet materials and other materials for manufacturing biode-
gradable or compostable personal hygiene articles from
P(3HB) copolymers other than P(3HB-3HV) have been de-
scribed (180, 181, 241). PHAs have also been processed into
fibers which then were used to construct materials such as
nonwoven fabrics (248). P(3HB) and P(3HB-3HV) have been
described as hot-melt adhesives (118). PHAs with longer-side-
chain hydroxyacids have been used in pressure-sensitive adhe-
sive formulations (229). PHAs can also be used to replace
petrochemical polymers in toner and developer compositions
(65) or as ion-conducting polymers (221, 222). PHAs can be
used as a latex, for instance for paper-coating applications
(160), or can be used to produce dairy cream substitutes (298)
or flavor delivery agents in foods (299).

In addition to its range of material properties and resulting
applications, PHAs promise to be a new source of small mol-
ecules. PHA can be hydrolyzed chemically, and the monomers
can be converted to commercially attractive molecules such as
are B-hydroxy acids, 2-alkenoic acids, B-hydroxyalkanols,
B-acyllactones, B-amino acids, and B-hydroxyacid esters (293).
The last class of chemicals is currently receiving attention be-
cause of potential applications as biodegradable solvents.

PHA BIOSYNTHESIS IN NATURAL ISOLATES

Since 1987, the extensive body of information on P(3HB)
metabolism, biochemistry, and physiology has been enriched
by molecular genetic studies. Numerous genes encoding en-
zymes involved in PHA formation and degradation have been
cloned and characterized from a variety of microorganisms.
From these studies, it is becoming clear that nature has evolved
several different pathways for PHA formation, each optimized
for the ecological niche of the PHA-producing microorganism.
Genetic studies have, furthermore, given insights into the reg-
ulation of PHA formation with respect to growth conditions.
The cellular physiology of the cell and the important role of
central metabolism have become apparent by studying PHA
mutants with modifications in genes other than the phb genes.
Not only do such studies provide a fundamental insight into
microbial physiology, but also they provide the keys for design-
ing and engineering recombinant organisms for PHA produc-
tion. This section deals with the molecular details of the PHA
enzymes and corresponding genes and how their activities
blend with cellular metabolism to synthesize PHA only at times
where their synthesis is useful.

Of all the PHAs, P(3HB) is the most extensively character-
ized polymer, mainly because it was the first to be discovered,
in 1926 by Lemoigne at the Institute Pasteur (152). The
P(3HB) biosynthetic pathway consists of three enzymatic re-
actions catalyzed by three distinct enzymes (Fig. 3). The first
reaction consists of the condensation of two acetyl coenzyme A
(acetyl-CoA) molecules into acetoacetyl-CoA by B-ketoacyl-
CoA thiolase (encoded by phbA). The second reaction is the
reduction of acetoacetyl-CoA to (R)-3-hydroxybutyryl-CoA by
an NADPH-dependent acetoacetyl-CoA dehydrogenase (en-
coded by phbB). Lastly, the (R)-3-hydroxybutyryl-CoA mono-
mers are polymerized into poly(3-hydroxybutyrate) by P(3HB)
polymerase (encoded by phbC). Although P(3HB) accumula-
tion is a widely distributed prokaryotic phenotype, the bio-
chemical investigations into the enzymatic mechanisms of
B-ketoacyl-CoA thiolase, acetoacetyl-CoA reductase, and
P(3HB) polymerase have focused on only two of the natural
producers, Zoogloea ramigera and Ralstonia eutropha (formerly
known as Alcaligenes eutrophus).

Essential Genes for PHA Formation

The first phb gene to be isolated was from Z. ramigera (190),
an interesting bacterium for biopolymer engineering since it
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FIG. 4. pha and phb operons. The loci encoding the genes for PHA formation have been characterized from 18 different species. Genes specifying enzymes for
ssc-PHA formation are designated phb, and those specifying enzymes for msc-PHA formation are designated pha. Not all pathways have completely been elucidated
in these strains. The emerging picture is that pha and phb genes are not necessarily clustered and that the gene organization varies from species to species. Other genes
possibly related to PHA metabolism may be linked to the essential pha and phb genes. (A) Complete phbCAB operons. (B) Interrupted phb loci. (C) Incomplete phb
loci. (D) phb loci from organisms that encode two subunit P(3HB) polymerases. (E) The phbCJ locus of A. caviae involved in P(3HB-3HH) formation. (F) pha loci for

msc-PHA formation in Pseudomonas.

produces both P(3HB) and extracellular polysaccharide (50).
By using anti-thiolase antibodies the phbA gene was detected
in Escherichia coli carrying a Z. ramigera gene library and was
subsequently cloned (190). It was found that phbA and phbB
form an operon, while phbC is located elsewhere on the chro-
mosome of Z. ramigera (191). The cloning of phbA and phbB
facilitated the purification of the encoded ketoacyl-CoA thio-
lase and acetoacetyl-CoA reductase for kinetic and mechanis-
tic characterization of these enzymes as described in later
sections.

Since the original discovery of these phb genes, many genes

encoding enzymes from the PHA pathway have been cloned
from different organisms (Fig. 4). Given the diversity of
P(3HB) biosynthetic pathways, it is not surprising that the pha
loci have diverged considerably. In Acinetobacter spp., Alcali-
genes latus, Pseudomonas acidophila, and R. eutropha, the
phbCAB genes are in tandem on the chromosome although not
necessarily in the same order (108, 192, 193, 232, 274). In
Paracoccus denitrificans, Rhizobium meliloti, and Z. ramigera,
the phbAB and phbC loci are unlinked (141, 191, 271, 273,
297). PHA polymerase in Chromatium vinosum, Thiocystis vio-
lacea, and Synechocystis is a two-subunit enzyme encoded by
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the phbE and phbC genes. In these organisms, phbAB and
phbEC are in one locus but divergently oriented (87, 154, 155).
The phb loci in C. vinosum, P. acidophila, R. eutropha, Rhizo-
bium meliloti, and T. violacea all have an additional gene, phbF,
that has a hitherto unknown function in PHA metabolism
(202), while part of a gene encoding a protein homologous to
the hypothetical E. coli protein YfiH is located upstream of the
P. acidophila, R. eutropha, and Z. ramigera P(3HB) polymerase
genes. In Methylobacterium extorquens, Nocardia corallina, Rhi-
zobium etli, Rhodococcus ruber, and Rhodobacter sphaeroides,
only the PHB polymerase-encoding gene has been identified
thus far (23, 78, 109, 195, 280). The PHA polymerase gene in
Aeromonas caviae is flanked by a unique PHA biosynthetic
enzyme encoded by phal, which is discussed in further detail
below (61). In msc-PHA-producing P. oleovorans and P. aerugi-
nosa, the pha loci contain two phaC genes (107, 269) separated
by phaZ, which encodes an intracellular PHA depolymerase
(107). The two PHA polymerases are 50 to 60% identical in
their primary structure and appear to have a very similar sub-
strate specificity (102, 107).

Figure 4 provides grounds for some speculation on the evo-
lution of PHA formation. When the first PHA-forming bacte-
ria used this pathway, the purpose of the pathway was probably
different from synthesis of a storage material (see also below).
PHA formation was most probably a minor metabolic pathway
in these organisms, perhaps resulting only from a side reaction.
When PHA formation became beneficial for the microbe, evo-
lution selected for improved PHA-accumulating strains under
conditions of which we are unfortunately not aware. Knowl-
edge of such conditions would be extremely helpful in the
current efforts to optimize PHA production that employ re-
combinant PHA producers and are described in later sections.
Over the course of evolution, phaC was sometimes combined
with genes that supply monomer, such as phbAB or phal, or
with genes involved in other aspects of PHA metabolism, such
as phaZ. The selective pressures active at the time resulted in
the clustering of pha genes in an operon in some organisms (as
in P. acidophila, R. eutropha, Acinetobacter, Alcaligenes latus,
and Aeromonas caviae) or as separate transcriptional units in
others (as in Z. ramigera, P. denitrificans, Rhizobium meliloti, C.
vinosum, T. violacea, P. oleovorans, P. putida, and perhaps
other microorganisms for which no thiolase and reductase
genes have been identified yet). A second evolutionary force
must have worked on the pha genes since some but not all of
these diversely structured loci contain phbF and phbP genes or
homologs of yfiH. Whether the ancestral PHA polymerase was
encoded by one (phaC) or two (phaEC) open reading frames is
an open question. Since the two-subunit polymerase systems in
C. vinosum and T. violaceae do have neighboring thiolase and
reductase genes whereas phaEC in Synechocystis does not, fu-
sion of phaEC or splicing of phaC may have preceded the
rearrangements in the pha loci.

Although B. megaterium was the first strain from which
P(3HB) was isolated and identified, its biosynthetic machinery
has not yet been characterized. The recently isolated B. mega-
terium mutants impaired in P(3HB) formation (55) should
allow the cloning and characterization of the phb genes from
this historically relevant P(3HB) producer.

The Three-Step ssc-PHA Biosynthetic Pathway

B-Ketoacyl-CoA thiolase. 3-Ketoacyl-CoA thiolase catalyzes
the first step in P(3HB) formation. The P(3HB) biosynthetic
thiolase (acetyl-CoA:acetyl-CoA-acetyl transferase; EC 2.3.1.9)
is a member of a family of enzymes involved in the thiolytic
cleavage of substrates into acyl-CoA plus acetyl-CoA. These

MICROBIOL. MOL. BIOL. REV.

B-ketoacyl-CoA thiolases are found throughout nature from
higher eukaryotes to yeasts to prokaryotes and are divided into
two groups based on their substrate specificity. The first group
consists of thiolases with a broad specificity for B-ketoacyl-
CoAs ranging from C, to C,. This class of enzymes is involved
mainly in the degradation of fatty acids and is located in the
cytoplasm of prokaryotes and in the mitochondria and peroxi-
somes of mammalian and plant cells. The second class of
B-ketoacyl-CoA thiolases is considered biosynthetic and has a
narrow range of chain length specificity, from C; to Ci.
Throughout nature, these biosynthetic thiolases are specialized
for a variety of roles such as ketone body formation, steroid
and isoprenoid biosynthesis, and P(3HB) synthesis. The thio-
lase involved in P(3HB) formation is a biosynthetic thiolase
with specificity primarily for acetoacetyl-CoA (166).

R. eutropha contains two B-ketothiolases (enzyme A and
enzyme B) that are able to act in the biosynthetic pathway to
P(3HB) synthesis. The major difference between these two
enzymes is their substrate specificity. Enzyme A is a homotet-
ramer of 44-kDa subunits and converts acetoacetyl-CoA and
3-ketopentanoyl-CoA (but only at 3% relative activity in com-
parison to acetoacetyl-CoA). In contrast, enzyme B, a homotet-
ramer of 46-kDa subunits, has a broader substrate specificity
and cleaves acetoacetyl-CoA as well as 3-ketopentanoyl-CoA,
3-ketohexanoyl-CoA, 3-ketoheptanoyl-CoA, 3-ketooctanoyl-
CoA, and 3-ketodecanoyl-CoA (30, 17, 19, 10, and 12% activity
relative to acetoacetyl-CoA, respectively). Originally it was
thought that the major role of enzyme B is in fatty acid deg-
radation while the primary role of enzyme A (PhbA) is in the
biosynthesis of P(3HB) (81). Recently, however, it has been
shown that enzyme B is the primary source of the 3HV mono-
mer for P(3HB-3HV) formation (244).

The enzymatic mechanism of PhbA consists of two half-
reactions that result in the condensation of two acetyl-CoA
molecules into acetoacetyl-CoA. In the first half-reaction, an
active-site cysteine attacks an acetyl-S-CoA molecule to form
an acetyl-S-enzyme intermediate. In the second half-reaction,
a second cysteine deprotonates another acetyl-CoA, resulting
in an activated acetyl-CoA intermediate that is able to attack
the acetyl-S-enzyme intermediate and form acetoacetyl-CoA
(165). The involvement of a cysteine(s) in the active site of the
P(3HB) thiolase was first hypothesized in 1953 because the
thiolase was inhibited by sulfhydryl-blocking agents (156). In
the late 1980s, the roles of cysteines in the active site of the
P(3HB) thiolase were definitively determined, after the thio-
lase gene from Z. ramigera had been cloned and the enzyme
had been overproduced and purified. The cysteine involved in
the acetyl-S-enzyme intermediate was identified as Cys89 by
peptide sequencing of the radioactive peptide after tryptic di-
gestion of radiolabeled enzyme with [**Cliodoacetamide or
[**CJacetyl-CoA (35, 267). A C89S thiolase mutant was also
constructed and determined to be severely affected in catalysis
but not substrate affinity (165, 267). The second cysteine in the
active site of P(3HB) thiolase was determined by using affinity-
labeled inactivators such as bromoacetyl-S-pantethene-11-
pivalate. By using this inhibitor, Cys378 was identified as a
potential residue for the second active-site cysteine that dep-
rotonates the second acetyl-CoA molecule (34, 186) and the
C378G mutant was virtually inactive (165, 186). So far, all
P(3HB) thiolases contain these two active-site cysteines, and it
is believed that all the P(3HB) thiolases use the same enzy-
matic mechanism to condense acetyl-CoA with either acetyl-
CoA or acyl-CoA.

Acetoacetyl-CoA reductase. Acetoacetyl-CoA reductase is
an (R)-3-hydroxyacyl-CoA dehydrogenase (EC 1.1.1.36) and
catalyzes the second step in the P(3HB) biosynthetic pathway
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TABLE 2. Kinetic characteristics of P(3HB) biosynthetic enzymes

Enzyme and species K,, (mM) Substrate Product Reference
Thiolase (condensation)
Z. ramigera 0.33 Acetyl-CoA Acetoacetyl-CoA 35
Thiolase (thiolysis)
Z. ramigera 0.024 Acetoacetyl-CoA Acetyl-CoA 35
0.46 Acetoacetyl-pantheteine Acetyl-CoA + acetyl-pantheteine 35
0.073 Acetoacetyl-pantheteine-11-pivalate Acetyl-CoA + acetyl-pantheteine-11-pivalate 35
(50%)*  3-Ketovaleryl-CoA Acetyl-CoA + propionyl-CoA 166
R. eutropha 0.044 Acetoacetyl-CoA Acetyl-CoA 252
(B%) 3-Ketovaleryl-CoA Acetyl-CoA + propionyl-CoA 252
(0%)" 3-Ketohexanoyl-CoA Acetyl-CoA + butanoyl-CoA 252
NADPH-dependent reductase
Z. ramigera 0.002 Acetoacetyl-CoA 3-Hydroxybutyryl-CoA 198
0.002 3-Ketovaleryl-CoA 3-Hydroxyvaleryl-CoA 198
0.010 3-Ketohexanoyl-CoA 3-Hydroxyhexanoyl-CoA 198
0.99 Acetoacetyl-pantheteine-11-pivalate 3-Hydroxybutyryl-pantheteine-11-pivalate 198
R. eutropha 0.005 Acetoacetyl-CoA 3-Hydroxybutyryl-CoA 252
(18%)”  3-Ketovaleryl-CoA 3-Hydroxyvaleryl-CoA 252
(3.6%)°  3-Ketohexanoyl-CoA 3-Hydroxyhexanoyl-CoA 252
P(3HB) polymerase
R. eutropha 0.72 3-Hydroxybutyryl-CoA P(3HB) 252
1.63 3-Hydroxyvaleryl-CoA PHV 252
ND¢ 3-Hydroxybutyryl-pantheteine-11-pivalate None 69

“ Vmax With respect to acetoacetyl-CoA.
b Relative activity with respect to acetoacetyl-CoA and 3-hydroxybutyryl-CoA.
¢ ND, not determined.

by converting acetoacetyl-CoA into 3-hydroxybutyryl-CoA.
The acetoacetyl-CoA reductase from Z. ramigera is a homotet-
ramer of 25-kDa subunits and has been classified as an
NADPH-dependent reductase (62, 198, 231). Although both
NADPH- and NADH-dependent acetoacetyl-CoA reductase
activities have been observed in cell extracts of R. eutropha,
only the former is involved in P(3HB) synthesis (82). The only
known NADH-dependent acetoacetyl-CoA reductase involved
in P(3HB) formation to date was found in C. vinosum (155).
Although the phbB gene product from Paracoccus denitrificans
was initially ascribed to be NADH dependent (297), subse-
quent overexpression of this enzyme and characterization
proved this reductase to be active only with NADPH (29).

The enzymatic reactions involved in P(3HB) synthesis have
been extensively analyzed by biochemical techniques and pro-
vide clues about the regulation of this pathway. The preferred
reaction for the thiolase is thiolytic cleavage, which occurs in
the direction opposite to the P(3HB) biosynthetic pathway.
However, under P(3HB)-accumulating conditions the enzyme
acts against its thermodynamically favored direction when the
activities of acetoacetyl-CoA reductase and P(3HB) polymer-
ase pull the condensation reaction (reviewed in reference 166).
The availability of reducing equivalents in the form of NADPH
is therefore considered to be the driving force for P(3HB)
formation.

In the P(3HB) biosynthetic pathway, the reactions catalyzed
by thiolase and reductase provide the monomer for PHA po-
lymerization. The kinetic characteristics and substrate specific-
ities of these two enzymes are therefore crucial in determining
the range of products that can be expected to be synthesized in
a thiolase, reductase, polymerase pathway, as depicted in Fig.
3. Table 2 shows a compilation of the kinetic characteristics of
the best-studied thiolase and reductase enzymes, which pro-
vides insights in the use of these enzymes for the formation of

P(3HB) copolymers. The concept of dividing PHA formation
into monomer supply pathways and polymerization is impor-
tant since in later sections it will be shown that monomers are
not necessarily supplied by dedicated pathways. Some of the
strategies currently used in fermentative production processes
and also the new developments in metabolic engineering pro-
vide examples of the incorporation of monomers that are not
supplied by thiolase and/or reductase mediated reactions.
P(3HB) polymerase. P(3HB) polymerase is the third enzyme
in the biosynthetic pathway for P(3HB) production. The first
phbC nucleotide sequence to be reported was from R. eutro-
pha. This gene was isolated by complementation of R. eutropha
P(3HB)-negative mutants (192), and the promoter that drives
the expression of phbC (235) and the other genes in the phb
operon (192, 193) was mapped. Expression of these three
genes in E. coli resulted in the accumulation of P(3HB) up to
levels exceeding 50% of the cell dry weight (192, 236, 245).
P(3HB) polymerase is just one member of the family of
PHA polymerases. All of the polymerases have molecular
masses of around 63,000 Da, except for the polymerases from
C. vinosum (153), T. violacea (154), and Synechococcus spp.
(87, 114), which are composed of two subunits with molecular
masses of 40 and 45 kDa. Interestingly, there are only 15 fully
conserved residues among the 26 known PHA polymerases,
many of which lead only to ssc-PHA formation (Fig. 5). This is
remarkable, since these 15 residues represent on average less
than 3% of the total number of amino acids in these enzymes.
Since PHA polymerase is found in both soluble (hydrophilic)
and granule-bound (hydrophobic) states, it may be that evolu-
tion has selected for enzymes that are catalytically efficient
while presenting few problems related to undesirable “pro-
tein—hydrophobic-surface” interactions. The broad variety of
PHA-producing microbes would represent a vast spectrum of
intracellular conditions to which these enzymes would have to
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PHB(1) 1 MATGKGAAAS TQEGKSQPFK VTPGPFDPAT WLEWSROWQG TEGNGHARAS
PHO MSNKNNDEL QRQASENTLG LNPVI----=- ~-—— GIRRKD LLSSARTV--

PHB(1) 51 GIPGLDALAG VKIAPAQLGD IQQRYMKDFS ALWQAMAEGK AEATGPLHDR
PHO - LRQ AVRQPLH--- -SAKHVAHFG LELKNVLLGK SSLAPESDDR

PHB(1) 101 RFAGDAWRTN LPYRFAAAFY LINARALTEL ADAVEADAKT RQRIRFAISQ
PHO RFNDPAWSNN PLYRRYLQTY LAWRKELQDW IGNSDLSPQD ISRGQFVINL
PHB(2) MFLLFFI VHWLKIMLPF FAQVGLEENL HETLDFT---

PHB(1) 151 WVDAMSPANF LATNPEAQRL. LIESGGESLR AGVRNMMEDL TR--GKISQT
PHO MTEAMAPTNT LS-NPAAVKR FFETGGKSLL DGLSNLAKDL VNNGGMPSQV

PHB(2) —mmmmmmmmm mmmmmmmmee oo EKFL SGLENL---- ---===-—--
PHB(1) 199 DESAFEVGRN VAVTEGAVVF ENEYFQLLQY KPLTDKVHAR PLLMVPPCIN
PHO NMDAFEVGKN LGTSEGAVVY RNDVLELIQY KPITEQVHAR PLLVVPPQIN
PHB (2} -QGLNEDDIQ VGFTPKEAVY QEDKVILYRF QPVVENPLPI PVLIVYALVN

* *
PHB(1) 249 KYYILDLQPE SSLVRHVVEQ GHTVFLVSWR NPDASMAGST WDDYIEHAAI
PHO KFYVFDLSPE KSLARYCLRS QQQTFIISWR NPTKAQREWG LSTYID-ALK
PHB(2)

RPYMVDLQEG RSLVANLLKL GLDVYLIDWG YPSRGDRWLT LEDYLSGYLN
* *

*

PHB(1) 299 RAIEVARDIS GQDKINVLGF CVGGTIVSTA LAVLAARGEH PAASVTLLTT

PHO EAVDAVLAIT GSKDLNMLGA CSGGITCTAL VGHYAALGEN KVNALTLLVS

PHB (2} NCVDIICQRS QQEKITLLGV CQGGTFSL-- --CYASLFPD KVKNLVVMVA
* %

PHB(1) 349 LLDFADTGIL DVFVDEGHVQ LREATLGGGA CAPCALIRGL ELANTFSFLR
PHO VLDTTMDNQV ALFVDEQTLE A----- AKRH SYQAGVLEGS EMAKVFAWMR
PHB(2) PVDFEQPGTL LNARGGCTLG AEAVDIDLMV DAM-GNIPGD YLNLEFLMLK

*

PHB(1) 399 PNDLVWN-YV VDNYLKGNTP VPFDLLF--- WNGDATNLPG PWYCWYLRHT

PHO PNDLIWN-YW VNNYLLGNEP PVFDILF--- WNNDTTRLPA A-FHGDLIEM

PHB(2) PLQLGYQKYL DVPDIMGDEA KLINFLRMEK WIFDSPDQAG ETYRQFLKDE
*  x

PHB(1) 445 YLONELKVPG KLTVCGVPVD LASIDVPTYI YGSREDHIVP WTAAYASTAL

PHO FKSNPLTRPD ALEVCGTPID LKQVKCDIYS LAGTNDHITP WQSCYRSAHL

PHB (2} YOONKLIK-G EVMIGDRLVD LHNLTMPILN LYAEKDHLVA PASSLALGDY
*k

PHB(1) 495 LA--NKLRFV LGASGHIAGV INPPAKNKRS HWINDALPES POOWLAGAIE
PHO FG--GKIEFV LSNSGHIQSI LNPPGNPKAR FMTGADRPGD PVAWQENATK
PHB(2) LPENCDYTVQ SFPVGHI--- ~---- GMYVS GKVQRDLPP- --———-----

**

PHB(1) 543 HHGSWWPDWT AWLAGOAGAK RAAPANYGNA RYRAIEPAPG RYVKAKA
PHO HADSWWLHWQ SWLGERAGEL EKAPTRLGNR AYAAGEASPG TYVHER
PHB{2) = -—------ -ATA HWLSERQ

FIG. 5. Sequence similarity of representatives of three types of PHA poly-
merases. R. eutropha ssc-PHA polymerase (PHBL1), P. oleovorans msc-PHA poly-
merase (PHO), and the PhbC subunit of the two-subunit polymerase from
Synechocystis sp. (PHB2) were aligned by using the program of Higgins (Mac-
DNASIS; IntelliGenetics, Mountain View, Calif.). Residues conserved in all
PHA polymerases identified to date are marked by an asterisk.

be adapted. This could explain the low level of overall con-
served sequence identity between the different PHA poly-
merases.

Early biochemical studies of PHB polymerase were ham-
pered by the low activity of the protein purified from the
natural PHB producers. These studies, however, indicated that
the enzyme exists in both soluble and granule-bound forms (64,
83). It was proposed that two cysteine residues might be in-
volved in catalysis, with one cysteine holding the growing PHA
chain while the other cysteine holds the incoming monomer
(72). To test this theory, two cysteines (Cys319 and Cys459) in
the R. eutropha P(3HB) polymerase were mutated (70). Cys319
is conserved in all the synthases isolated to date (250), while
Cys459 is conserved between only the R. eutropha and the P.
oleovorans PHA polymerases. Cys319 was shown to be an ac-
tive-site residue, because serine and alanine mutations ren-
dered the enzyme inactive. In contrast, when the second cys-
teine (Cys459) was mutated to a serine, the enzyme retained
90% of the wild-type activity (70). By using the tritiated trimer
(3HB);-CoA, it was shown that the P(3HB) polymer is co-
valently bound to the P(3HB) polymerase through Cys319
(296).

To explain the ability of the enzyme to form ester bonds with
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only one cysteine residue, a second thiol was proposed to exist
via posttranslational modification. Phosphopantetheine was
proposed as a potential posttranslational modification moiety
for P(3HB) polymerase (70). A phosphopantetheine posttrans-
lational modification has been found in acyl-carrier protein
and enzymes in enterobactin biosynthesis (110). By using a
P(3HB) polymerase overexpression system, it was shown that
the PhbC enzyme is radioactively labeled when B-[*H]alanine,
a precursor of phosphopantetheine, is supplied to the culture.
The most likely residue to be modified by phosphopantethei-
nylation is Ser260 (70), a residue conserved in all phaC genes
characterized to date (Fig. 5) and part of a region that resem-
bles similar sites in panthethenylated enzymes (70).

Given the function of the polymerases in forming ester
bonds, it is not surprising to find the active-site cysteine residue
of these enzymes in a lipase box, Gly-X-Cys®'?-X-Gly-Gly. The
active site of a lipase generally consists of a nucleophile, either
cysteine or serine, whose reactivity is enhanced by an aspartate
residue and a histidine residue (16, 194, 295). Together, these
three residues form a catalytic triad. Candidates for these as-
partate and histidine residues are conserved in the poly-
merases, namely, aspartate residues at positions 351, 428, and
480 and histidine residues at positions 481 and 508 (Fig. 5).
Given that PHA polymerase may have two active-site thiols, it
is possible that two of the three conserved aspartate residues
and both conserved histidines are part of a catalytic triad. The
occurrence of the strictly conserved Trp425 in the proximity of
Asp428 and the conserved dyads Asp480-His481 and Gly507-
His508 underscores the likely importance of these residues in
catalysis. Analogously, the strict conservation of Pro239,
Asn248, Tyr251, and Asp254 in the direct vicinity of the critical
Ser260 residues underscores the importance of this stretch of
amino acids.

Model for PHA Granule Formation

The resemblance of the active sites of PHA polymerases and
lipases, as well as the preferred localization of these enzymes
(Fig. 6A), suggests how the process of granule formation may
proceed. Both enzymes act on ester bonds at the interface of a
hydrophobic vesicle and water. The difference between these
enzymes is in the direction of the reaction that they catalyze,
either toward ester formation or towards ester hydrolysis. In
the aqueous environment of the cytosol, the PHA polymerase
is quite a remarkable enzyme since it performs an esterification
reaction under typically unfavorable aqueous conditions.

Gerngross and Martin investigated P(3HB) granule forma-
tion in vitro and developed a model for P(3HB) granule for-
mation (69). First, soluble P(3HB) polymerase interacts with
increasing concentrations of 3-hydroxybutyryl-CoA in the cy-
toplasm, resulting in priming of the enzyme by an unknown
mechanism. During an initial lag phase, HB oligomers are
slowly formed and extruded from the enzyme. The HB oli-
gomers then form micelles as the oligomers increase in length
and hydrophobicity. Consequently, the micelle-like particles
provide a two-phase boundary with the polymerase located at
the interface. The enzyme then rapidly proceeds with P(3HB)
synthesis, extruding more P(3HB) into the growing granule.
Eventually the micelles are thought to coalesce into larger
granules that can be visualized by microscopy (69) (Fig. 6B).

In vitro studies of the covalent linkage of the 3HB trimer
support this model, since a shift in the conformation of the
P(3HB) polymerase from monomer to dimer appeared to co-
incide with the binding of the trimer. Because the P(3HB)
polymerase dimer was more active than the monomer and
showed a greatly decreased lag time, it was suggested that the
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FIG. 6. (A) Similarities between PHA polymerase and lipase. PHA polymerase (C) acts at the surface of a PHA granule, where soluble precursors are polymerized
and deposited in the hydrophobic environment of the granule. PHA depolymerase (Z) also acts at this surface and liberates the monomers from the polymer. Both
enzymatic reactions are reminiscent of that of lipase (L), which cleaves ester bonds at triglyceride (TG)/water interfaces, yielding free acids and alkanols. (B) Proposed
mechanism for the formation of PHA granules. Soluble enzyme converts monomer-CoA to oligomers, which remain enzyme bound (step 1). At a critical oligomer
length and enzyme-oligomer concentration, the enzyme-oligomer complexes form micelles with the enzyme located at the interface, separating the PHA from the
cytosol (step 2). Because of this compartmentalization, PHA polymerization is facilitated. Because the hydrophobic polymer can now be extruded into a hydrophobic
environment instead of the aqueous phase, the reaction proceeds faster. The micelles are expanded and now appear as intracellular, granular structures visible with
the phase-contrast microscope (step 3). As the number of granules increase, they may fuse and coalesce, giving rise to large aggregates of PHA (step 4).

lag time in vitro is related to the initial acylation step. It is not
yet clear whether this covalent catalysis in the polymerase-
catalyzed reaction relates to in vivo priming (296). Physiolog-
ically this makes sense, however, since the formation of rela-
tively few high-molecular-weight PHA molecules is expected to
be favored over the formation of many low-molecular-weight
PHA oligomers. As pointed out above, PHA is considered an
osmotically inert macromolecule which depends on having a
high molecular weight. Slow PHA polymerase activation in the
priming process, combined with a rapid polymerization once
activated enzyme forms micelle structures, appears to ensure
the formation of high-molecular-weight materials.

The studies by Gerngross and Martin have, furthermore,
established that the minimal requirements for P(3HB) synthe-
sis are the (R)-3-hydroxybutyryl-CoA substrate and P(3HB)
polymerase (69). P(3HB) polymerase is present both in soluble
and granule-bound forms, but the soluble P(3HB) polymerase
appears less active. Because of the higher activity when granule
bound, optimal P(3HB) accumulation occurs when more en-
zyme is associated with the growing granule. Maintenance of
the available surface is thus critical for efficient P(3HB) pro-
duction. In subsequent studies, Martin and Gerngross ob-
served that the size of in vitro-synthesized granules is related to
the amount of protein added to the assay mixture, irrespective
of whether this protein is PHB polymerase or an unrelated
protein such as bovine serum albumin (161).

PhaP is a natural PHA-binding protein that determines the
size of PHA granules. phaP was identified in genetic studies as
a locus causing a P(3HB) leaky phenotype in R. eutropha. The
phaP gene was cloned from a cosmid library and found to

encode a 24-kDa protein that binds to the P(3HB) granule.
Immunochemical analysis with anti-PhaP antibodies revealed
that the protein is always granule bound and no free PhaP is
present in the cytoplasm of the wild-type strain. Genetic stud-
ies have furthermore shown that the concentration of PhaP is
inversely related to the size of the granule, since overexpres-
sion of PhaP resulted in the formation of many small P(3HB)
granules while a phaP mutant contained only a single P(3HB)
granule. The P(3HB) leaky phenotype in phaP mutants may
therefore be the result of a decreased surface area available for
P(3HB) synthesis and causes the observed low polymerase
activity (289). This situation indicates an interesting regulatory
phenomenon in which maximal activity is obtained by localiza-
tion of the enzyme to a site which is created and maintained by
a structural protein. PhaP is not essential in this regard, but in
vivo this protein is likely to be involved in maintenance of the
optimal intracellular environment for P(3HB) synthesis and
utilization and as such provides guidance during the process of
granule formation.

The characteristics of PhaP and related proteins are remi-
niscent of those of oleosins, proteins that associate exclusively
with the oil bodies of oil-producing plants. For that reason,
PhaP-like proteins are generally referred to as phasins. It ap-
pears that oleosins play a structural role in maintaining the
integrity of individual oil bodies by preventing their coales-
cence (97). Such a role would be especially valuable upon
germination of the seeds, when oil degradation is enhanced by
a larger surface-to-volume ratio. PhaP and related proteins like
GAL14 from Rhodococcus ruber, GA14 and GA23 from Methyl-
obacterium rhodesenium, GA13 from Acinetobacter, and the
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ORF1 gene product from Aeromonas caviae probably have
such a function as well and are generally described as phasins
(56, 57, 197, 234).

P(3HB)-negative and leaky mutants have been isolated from
R. ruber, and subsequent immunochemical analysis showed
that these phenotypes were both related to aberrant levels of a
granule-associated protein, GA14. The absence of GAl4 in
P(3HB)-negative mutants is likely to be caused by the absolute
requirement of the protein to bind P(3HB) granules, as was
observed in R. eutropha, or by a polar effect on its expression by
a phaC mutation (Fig. 4) (197). Two carboxy-terminal hydro-
phobic stretches were shown to be essential for the binding of
PhaP to the P(3HB) granules, since PhaP derivatives that lack
the two carboxy-terminal hydrophobic domains were unable to
do so. This was further supported by the finding that when
these carboxy-terminal hydrophobic regions were fused to ac-
etaldehyde dehydrogenase II, the fusion protein localized to
the surface of granules in vivo and in vitro rather than to the
cytosol (196).

In vitro as well as in vivo studies revealed a role for PHA
polymerase in the control of the molecular weight of P(3HB).
Variation of the level of PHA polymerase suggested that the
concentration of this enzyme is a critical factor in determining
the molecular weight of in vitro-synthesized P(3HB). When
decreasing amounts of enzyme were supplied to the assay mix-
ture, a polymer was synthesized that had a higher molecular
weight (69). New evidence from in vitro studies suggests that
P(3HB) formation is a living polymerization in which no chain
termination event takes place and that the molecular weight of
the resulting polymer is simply dependent on the initial ratio of
substrate to enzyme (257). By using an inducer-controlled sys-
tem to vary PHA polymerase levels in a recombinant E. coli
strain, the molecular weight of the formed P(3HB) could also
be manipulated as a function of the inducer concentration in
the culture medium (242).

Other Pathways for ssc-PHA Formation

P(3HB) is just one type of the many PHAs that are synthe-
sized by thousands of different microorganisms, all originating
from their own ecological niche and with their own evolution-
ary history. Not all these bacteria use the same biological
pathways for PHA biosynthesis, since their metabolic blue-
prints undoubtedly vary. The three-step P(3HB) pathway in-
volves the reactions catalyzed by thiolase, reductase, and poly-
merase, as exemplified by R. eutropha and Z. ramigera.
However, some PHA producers use alternative pathways for
PHA formation.

In the absence of a thiolase and reductase, Aeromonas caviae
employs an enoyl-CoA hydratase for the formation of the
(R)-3-hydroxy monomer from either crotonyl-CoA or hex-
enoyl-CoA. Other bacteria synthesize P(3HB-3HV) copolyes-
ters from sugars by using a pathway in which 3-HV is derived
from the methylmalonyl-CoA pathway. Two additional path-
ways are found in pseudomonads of rRNA homology group I,
which involve either B-oxidation or fatty acid biosynthesis in-
termediates for msc-PHA production. The biosynthetic path-
ways for the two types of PHAs have therefore diverged at the
level of monomer-CoA-supplying routes, while the poly-
merases evolved to accept either short- or medium-chain
monomers. These pathways are discussed in more detail in this
section.

PHA synthesis with an enoyl-CoA hydratase. 4. caviae pro-
duces a random copolymer of 3-hydroxybutyrate (3HB) and
3-hydroxyhexanoate (3HH) when growing on even-numbered
fatty acids or olive oil as the sole carbon source. When grown
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on odd-numbered fatty acids, a PHA is produced that consists
primarily of 3HV, but small amounts of 3HB are found as well
(45). The crystallinity of a poly(3-hydroxybutyrate-3-hydroxy-
hexanoate) [P(3HB-3HH)] copolymer decreases from 60 to
18% with an increasing 3HH fraction. This property and its
decreased melting temperature make P(3HB-3HH) an inter-
esting polymer for several applications where a material that is
more flexible than the P(3HB) homopolymer is desired.

The pha locus from Aeromonas caviae has been cloned and
characterized, shedding light on the metabolic pathway that
results in P(3HB-3HH) formation (61, 63). It encodes PHA
polymerase (encoded by phaC), enoyl-CoA hydratase (encod-
ed by phal), and a phasin (encoded by ORF1 or phaP) and is
sufficient for PHA formation in PHB-negative heterologous
hosts (61, 63, 234). The identification of Phal as an (R)-specific
enoyl-CoA hydratase suggested that the PHA biosynthetic
pathway in A. caviae proceeds from enoyl-CoA derivatives of
the fatty acid oxidation pathway (Fig. 7). Besides converting
crotonyl-CoA to (R)-3-hydroxybutyryl-CoA, PhaJ converts
pentenoyl-CoA and hexenoyl-CoA to PHA precursors, but it
does not convert octenoyl-CoA. It was also shown that some
PHA-negative mutants of A. caviae are complemented only by
phal whereas others are complemented only by phaC. phal is
therefore unique as the first ssc-PHA biosynthetic enzyme be-
sides thiolase, reductase, and polymerase (61, 63).

The molecular genetic data on P(3HB-3HH) formation in A4.
caviae provide a new perspective on the work of Moskowitz
and Merrick from almost 30 years ago (171). In their work on
Rhodospirillum rubrum, these authors proposed a pathway for
P(3HB) synthesis that included two hydratases, one specific for
the R enantiomer and the other specific for the § enantiomer
(171). R. rubrum is able to synthesize PHAs from short- and
medium-chain fatty acids up to 20% of the cell dry weight. The
major monomers are the C, and Cjs fatty acids, depending on
whether the carbon source has an even or odd number of
carbons. Small amounts of C, and C; monomers were found in
PHAs from R. rubrum as well (18). Although this pathway has
not been paid much attention for many years, it may now see
renewed interest in physiological studies on the formation of
PHAs composed of both short- and medium-chain 3-hydroxy
fatty acids.

Methylobacterium rhodesenium also uses the activities of two
hydratases for P(3HB) synthesis (174). In addition to the two
hydratases, this bacterium expresses two constitutive aceto-
acetyl-CoA reductases, one NADH dependent and one
NADPH dependent (173). The combination of these four ac-
tivities may allow for 3-hydroxybutyryl-CoA synthesis under a
range of conditions in the absence of a significant transhydro-
genase activity. The analysis of key cofactors in cellular me-
tabolism demonstrated that the flux of acetyl-CoA to the tri-
carboxylic acid (TCA) cycle or to P(3HB) is determined
primarily by the CoA levels (175). Interestingly, the growth
substrate has a dramatic effect on the timing of the onset of
P(3HB) formation in M. rhodesenium. During exponential
growth on fructose, P(3HB) synthesis is used to prevent the
formation of excess reducing equivalents. When methanol is
the carbon source, reducing power is not excessive until growth
is limited by deficiency of other nutrients and P(3HB) is not
formed until the stationary phase (3, 172).

P(3HB-3HV) formation from sugars by the methylmalonyl-
CoA pathway. Rhodococcus ruber and Nocardia corallina accu-
mulate PHAs containing 3HV even in the absence of typical
HV precursors such as propionate or valerate in the feed (7,
275). Nuclear magnetic resonance spectroscopy (NMR) stud-
ies suggested that the 3HV monomer is derived from acetyl-
CoA and propionyl-CoA, where the latter is a product of the
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FIG. 7. Biosynthetic pathway for P(3HB-3HH). P(3HB-3HH) monomers are derived from fatty acid degradation by converting enoyl-CoA intermediates directly

to (R)-3-hydroxyacyl-CoA precursors by an (R)-specific enoyl-CoA hydratase (Phal).

methylmalonyl-CoA pathway (290). In this pathway, succinyl-
CoA is converted to methylmalonyl-CoA, which is decarboxy-
lated to propionyl-CoA (Fig. 8). A mutant strain of N. corallina
was constructed in which the gene encoding the large subunit
of methylmalonyl-CoA mutase was disrupted. The 3HV frac-
tion in the PHAs formed by the resulting mutants was reduced
from 70 to 4% compared to that in the wild-type strain. How-
ever, the mutants still accumulated P(3HB) on glucose and
succinate and a P(3HB-3HV) copolyester on valerate (275). It
appears that N. corallina derives PHA monomers from both
the fatty acid degradation pathway and the traditional P(3HB)
biosynthetic pathway, in contrast to 4. caviae.

Pathways for msc-PHA Formation

msc-PHAs from fatty acids. msc-PHAs were not discovered
until 1983, when Witholt and coworkers serendipitously found
that P. oleovorans grown on 50% octane formed a material that
was pliable under conditions where samples are prepared for
freeze fracture electron microscopy. Because these materials
left mushroom-like structures in the electron micrographs
where P(3HB) formed spike structures, further characteriza-
tion was warranted (41). By using chemically synthesized stan-
dards, the inclusions formed from n-octane were determined
to be made of a copolyester consisting of 89% (R)-3-hy-
droxyoctanoate and 11% (R)-3-hydroxyhexanoate (135).

Subsequent studies showed that the composition of the

PHAs formed by pseudomonads of the rRNA homology group
I were directly related to the structure of the alkane, alkene, or
fatty acid carbon source (17, 105, 135). When the carbon
source consists of 6 to 12 carbon atoms, the monomers in the
PHA are of the same length as the carbon source or have been
shortened by 2, 4, or 6 carbon atoms. When the carbon source
is a straight-chain C,; to C,; fatty acid, the composition of the
polymer resembles that of the C,,- and C,,-grown bacteria
(105). Use of mixtures of hydrocarbons or fatty acids as the
carbon source results in the formation of PHAs in which the
composition is a reflection of the ratio of the two carbon
sources. For instance, when P. oleovorans is supplied with mix-
tures of octane and 1-octene, the ratio of monomers with an
unsaturated bond ranged from 0 to 50% depending on the
fraction of 1-octene in the substrate (135). By analogy, substi-
tuted 3-hydroxyalkanoates were introduced to different levels
by supplying 7-methyloctanoate, 8-bromooctanoate, phenylun-
decanoate, or cyanophenoxyhexanoate as the cosubstrate (58—
60, 85, 124, 126). Incorporation of the last of these substrates
results in PHA with monomer constituents that are hyperpo-
larizable and may confer nonlinear optical properties to the
polymer (124).

The composition of these PHAs and their direct relationship
with the structure of the growth substrate suggested that the
msc-PHA biosynthetic pathway is a direct branch of the fatty
acid oxidation pathway (Fig. 9) (135). In this pathway, fatty
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formed through the methylmalonyl-CoA pathway, which originates from succi-
nyl-CoA in the TCA cycle. Propionyl-CoA and acetyl-CoA are converted to
P(3HB-3HV) by the typical Phb enzymes.

acids are degraded by the removal of C, units as acetyl-CoA.
The remainder of the pathway oxidizes acyl-CoAs to 3-keto-
acyl-CoAs via 3-hydroxyacyl-CoA intermediates. The substrate
specificity of this msc-PHA polymerase ranges from Cg to C,,
(R)-3-hydroxy-alkanoyl-CoAs, with a preference for the Cg, Co,
and C,, monomers (105). However, because the (-oxidation
intermediate is (§)-3-hydroxyacyl-CoA, an additional biosyn-
thetic step is required for synthesis of the (R)-3-hydroxyacyl-
CoA monomer. Whether this PHA precursor is the product of
a reaction catalyzed by a hydratase (as in A. caviae), by the
epimerase activity of the B-oxidation complex, or by a specific
3-ketoacyl-CoA reductase is unknown.

Given the different biosynthetic pathways, it is not surprising
that the pha loci in the msc-PHA-forming pseudomonads are
very different from the pha loci in the ssc-PHA-forming bac-
teria (Fig. 4). Genes involved in msc-PHA formation have
been characterized from P. oleovorans (107) and P. aeruginosa
(269). In both species, two closely linked PHA polymerases
were identified, and PHA polymerase genes are separated by
one open reading frame. The two polymerases are approxi-
mately 50% identical in their primary structure and appear
equally active in PHA synthesis from fatty acids (106, 107) or
glucose (102). The open reading frame between phaCI and
phaC2 complements a mutation that prevents the utilization of
accumulated PHA. The presence of a lipase box in the primary
structure of the product of this gene, phaZ, and the homology
of the gene product to other hydrolytic enzymes suggest that
this gene encodes a PHA depolymerase (107). Downstream of
phaC2 are three genes of unknown function, which may bind to
the PHA granules (281).

In vivo experiments with P. putida showed that when either
of the two PHA polymerase genes (phaCl or phaC2) was
introduced on a multicopy plasmid, the molecular weights of
the PHAs decreased. These reductions were not caused by an
increase in PHA depolymerase activity, since the molecular
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weight of PHA from a depolymerase mutant was not higher
than that of PHA from the wild type (106). The latter obser-
vation prompted the hypothesis that the molecular weight of
PHA is determined by the activity of the PHA polymerase.
Based on in vitro analysis of the PHA polymerase from P.
oleovorans, it has recently been suggested that the substrate is
the limiting factor for PHA formation. Overall, these in vivo
and in vitro experiments suggest that the substrate/enzyme
ratio, and hence the substrate concentration and enzyme lev-
els, determines the molecular weight of the resulting PHA
(129, 130).

msc-PHAs from carbohydrates. When fluorescent pseudo-
monads of rRNA homology group I are grown on sugars, a
PHA that consists primarily of C,, and Cg monomers is formed
(84, 102, 270). Evidence suggests that these monomers are
derived from intermediates of fatty acid biosynthesis and that
the composition of the PHAs is probably a reflection of the
pool of fatty acid biosynthetic intermediates.

It is well known that temperature affects the fatty acid com-
position of bacterial membranes. Since this effect is due to
enzyme activities in fatty acid biosynthesis, the PHA composi-
tion was studied in relation to the growth temperature. When
P. putida was grown on decanoate, the PHA composition was
almost identical irrespective of the growth temperature. In
contrast, when glucose was the substrate, the fraction of un-
saturated monomers increased from 10 to 20% and the frac-
tion of monomers longer than C,, increased from 18 to 28%
when the temperature was lowered from 30 to 15°C. Since the
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FIG. 9. Biosynthetic pathway for msc-PHA from hydrocarbons. Fluorescent
pseudomonads of rRNA homology group I can derive monomers for PHA from
fatty acid degradation. Intermediates from the B-oxidation cycle can be con-
verted to (R)-3-hydroxyacyl-CoA by a hydratase (H), epimerase (E), or reductase
(R) activity, whose nature is currently unknown. Any or all of these three
enzymes and PHA polymerase determine the limits to the substrate specificity,
which is from Cg4 to C,¢ 3-hydroxy fatty acids.
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ratio of unsaturated to saturated monomers increases at lower
temperature for both membrane lipids and PHA, a metabolic
relationship between fatty acid biosynthesis and PHA forma-
tion from glucose was suggested (102).

Further corroboration of the involvement of fatty acid bio-
synthesis in PHA formation for glucose and B-oxidation from
fatty acids was obtained by inhibition experiments. Nongrow-
ing cultures of P. putida are able to synthesize PHA from either
glucose or fatty acids when carbon sources are in excess. How-
ever when cerulenin (a fatty acid synthesis inhibitor) is added
to such cell suspensions, no PHA is formed from glucose
whereas PHA is still synthesized from fatty acids. Similarly,
acrylic acid, a B-oxidation blocker, prevents the formation of
PHA from octanoate but not from glucose (100).

These experiments confirmed that PHA formation from glu-
cose is linked to fatty acid biosynthesis (Fig. 10). Since fatty
acid biosynthesis proceeds via (R)-3-hydroxyacyl-ACP, a new
enzymatic activity was required that converts this intermediate
to (R)-3-hydroxyacyl-CoA. Recently, Rehm et al. determined
that the gene product of phaG is responsible for this conver-
sion (214).

Some Pseudomonas spp. can incorporate both ssc- and msc-
PHA monomers in the same polymer chain. Typically, these
PHAs are formed when these strains are grown on unrelated
carbon source such as carbohydrates or 1,3-butanediol (2, 116,
139, 255). The PHA polymerases synthesizing these ssc- and
msc-PHAs must therefore have a very broad substrate range.
This type of mixed PHA is probably exceptional since it has
been shown that physical constraints prevent the formation of
mixed granules containing both P(3HB) and msc-PHA chains.
This was concluded from experiments where a recombinant P.
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putida strain containing both the chromosomal phaC and a
copy of the R. eutropha phbC on a plasmid was shown to
accumulate individual granules composed of either P(3HB) or
PHA (206, 268). The recent isolation of PHA polymerase
genes from Pseudomonas sp. strain 61-3, which accumulates
P(3HB) and P(3HB)-co-PHA granules from glucose (117),
should provide further insights into the simultaneous metabo-
lism of the two types of PHA.

Physiological and Genetic Regulation of PHA Production

The regulation of PHA production is quite complex, since it
is exerted at the physiological level, through cofactor inhibition
of the enzymes and availability of metabolites, and at the
genetic level, through alternative o-factors, two-component
regulatory systems, and autoinducing molecules. Another level
of regulation is discussed above and relates to granule size and
molecular weight control by levels of PHA polymerase and
phasins.

Several leaky mutants of R. eutropha that have a phenotype
of reduced P(3HB) synthesis have been isolated. Mutations in
phbHI alter the timing of P(3HB) synthesis, suggesting a reg-
ulatory role for the corresponding gene products. Whereas the
wild-type strain synthesized P(3HB) to approximately 90%,
phbHI mutants accumulated P(3HB) to 50% of their dry cell
weight, although levels of the P(3HB) biosynthetic enzymes
were similar in the wild-type and mutant strains. Upon contin-
ued incubation of the mutant strain, the polyester was de-
graded. This degradation of the polymer was not seen to an
appreciable degree in the wild-type strain. The mutant also
lacked the ability to transiently secrete 3HB (3 mM maximal-
ly), in contrast to the wild-type strain, and secreted pyruvate
temporarily up to 8 mM instead (210).

Mapping and nucleotide sequencing of the Tn5 insertions
indicated that the phbHI mutants resulted from the inactiva-
tion of genes encoding homologs of the E. coli phosphoenol-
pyruvate phosphotransferase system (PEP-PTS). Phbl has
39% identity to enzyme I of E. coli and Salmonella typhi-
murium, while phbH encodes a gene product with 35% identity
to HPr from E. coli, S. typhimurium, and Staphylococcus aureus
(210). The PEP-PTS is involved in the PEP-dependent uptake
system of sugars in E. coli and S. typhimurium (201), but HPr
has also been implicated in regulating chemotactic signaling in
E. coli (74) and in regulating o>*-directed transcription (216).
Pries et al. proposed that this “leaky” phenotype of phbHI
mutants could actually be caused by aberrant regulation of the
P(3HB) degradation pathway and suggested that the activity of
the P(3HB)-degrading enzymes was controlled by phosphory-
lation through metabolic signaling that involves a PEP-PTS
(210).

Mutants with mutations in phal. compose a second class of
leaky mutants of R. eutropha. This gene encodes the lipoamide
dehydrogenase component of the pyruvate dehydrogenase en-
zyme complex. The phal. mutation resulted in the accumula-
tion of only one-third of the normal amount of P(3HB). In-
stead of funneling excess carbon into P(3HB) upon nitrogen
limitation, this mutant secreted pyruvate up to 33 mM. After
the complete consumption of the initial carbon source (fruc-
tose), pyruvate was utilized as the carbon source. Apparently
the phal. mutation results in a decreased flux of carbon into
acetyl-CoA and the TCA cycle. As a consequence, the cells do
not efficiently metabolize pyruvate upon nitrogen exhaustion
and secrete this intermediate. It is of interest that these mu-
tants grow as well as the wild type, as it was expected that a
decreased flux through the TCA cycle would affect the growth
rate. Although the phal mutation is a TnS insertion within the
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gene, the mutant still has residual lipoamide dehydrogenase
activity. Indeed, it has been shown that R. eutropha has two
enzymes that specify this activity. The regulation of these two
genes and the role of the second lipoamide dehydrogenase
remain to be determined (209).

Azotobacter vinelandii UWD is a mutant strain that synthe-
sizes P(3HB) during growth (184). This strain is impaired in
NADH oxidase and uses the NADH-NADP transhydrogenase
and P(3HB) synthesis to regenerate NAD during growth (158).
The increased NADPH level that results from this mutation
causes inhibition of citrate synthase and the TCA cycle. Con-
sequently, acetyl-CoA accumulates and is converted to P(3HB)
through the NADPH-dependent pathway. This branch point in
acetyl-CoA metabolism to either the citric acid cycle or
P(3HB) biosynthesis is also important in R. eutropha (89). Park
et al. created an increased flux of acetyl-CoA to P(3HB) pro-
duction by introducing a leaky mutation in the isocitrate de-
hydrogenase of R. eutropha (188). These findings indicate the
importance of the redox balance in the cell in the control of
PHB formation.

In Acinetobacter spp. P(3HB) synthesis is stimulated by low
phosphate concentrations. A promoter that might be respon-
sible for this regulation was identified by primer extension
analysis and found to contain a sequence that is homologous to
the pho box identified in E. coli. Whereas all three phb genes
appear to be preceded by a promoter region, the phosphate-
inducible promoter is only found upstream of the first gene,
phaB. This could indicate that for efficient P(3HB) synthesis,
the reductase enzyme is limiting and only under conditions of
phosphate limitation is the P(3HB) biosynthetic pathway op-
timally induced (233).

Regulation of PHA synthesis in Pseudomonas has been stud-
ied to a limited extent. Many pseudomonads are able to syn-
thesize PHAs by two different pathways: through fatty acid
biosynthesis when grown on gluconate or through fatty acid
degradation when grown on fatty acids. The two PHA poly-
merases that have been identified in P. putida are functional in
either of the two biosynthetic pathways (102). In P. aeruginosa,
the pathway from gluconate is strictly controlled by RpoN, the
o>* subunit of RNA polymerase, while the pathway from fatty
acids is completely 0°* independent (269). In contrast to other
msc-PHA producers, P. putida KT2442 synthesizes PHA dur-
ing exponential growth when grown on fatty acids (106). Re-
cently, the involvement of a two-component system homolo-
gous to the sensor kinase/response regulator couple LemA-
GacA was found to regulate PHA synthesis in this strain (15).
LemA, GacA, and their homologs can sense environmental
conditions and relay these signals to control the expression of
a diverse set of genes (30, 71, 95, 137, 228, 294). Given the
potential role of PHAs in nature as a store of excess carbon
and reducing equivalents, it is not unlikely that PHA formation
is part of a regulon that is controlled by growth conditions.

The synthesis of P(3HB) in Vibrio harveyi is regulated by a
3-hydroxybutyryl-homoserine lactone (258), a signaling mole-
cule that accumulates at high cell densities. A variety of mi-
croorganisms regulate the expression of genes at high cell
density with such acyl-homoserine lactone derivatives (66).
The possible involvement of such signals is consistent with the
preferred production of PHAS in stationary phase. Since it was
recently shown that GacA homologs and acyl-homoserine lac-
tone derivatives may work through a common signaling path-
way (137, 215), the regulatory circuits active on the PHA regu-
lon become more complex. Further studies will clarify whether
PHA accumulation is generally regulated by these signals and
signal transducers and how environmental information is re-
layed to the PHA biosynthetic genes.
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TABLE 3. Location of phaQ with respect to the endogenous PHA
polymerase-encoding gene phaC

Location of”:

Microorganism % Overlap”
phaC phaQ
A. caviae 2640-4478 2657-4303 89.6
Acinetobacter 23514123 None
C. vinosum 831-1898 907-1953 92.9
M. extorquens 1099-2736 591-2741 100
N. corralina 471-2156 551-2587 95.3
P. aeruginosa 1 1266-2945 1472-2935 87.1
P. aeruginosa 2 4259-5941 4687-6096 74.6
P. denitrificans 662-2536 205-1605 50.3
P. oleovorans 1 552-2233 492-1908 80.6
P. oleovorans 2 3217-4950 3093-5063 100
R. eutropha 842-2611 1075-2619 86.8
R. etli 121-2031 48-1400 67.0
R. meliloti 316-2049 <1-1934 93.4
R. sphaeroides 1023-2828 918-2773 97.1
R. ruber 786-2462 119-2419 97.4
Synechocystis 2242-3378 None
T. violacea 3028-4095 2028-4016 92.6
Z. ramigera 740-2470 733-2373 94.4

“The location of the coding regions with respect to the reported pha se-
quences is indicated.

> The percent overlap indicates the length of the phaC gene that has phaQ
sequence on the complementary strand as part of the length of phaC. It is
unknown whether phaQ represents coding information for an actual protein or
RNA molecule.

A hitherto unnoticed open reading frame (phaQ) is located
on the opposite strand of all but two of the phaC genes (Table
3) (103). It is unknown whether this putative open reading
frame is transcribed. Proteins possibly encoded by phaQ have
no similarity to any other protein in the GenBank database.
We can therefore only speculate on a function of this open
reading frame, and a protein or RNA originating from this
locus could be involved in regulating PHA metabolism.

Maintenance of Redox Balance in Nitrogen-Fixing Bacteria

PHA formation in Rhizobium spp. is not commonly studied
for reasons of PHA production, but it provides an excellent
example of the interplay between cellular metabolism and
polyester formation. The symbiosis of Rhizobium species with
their host plants provides the plant with a system to fix atmo-
spheric nitrogen through the action of the bacterial nitroge-
nases in the bacteroid. The complex development of Rhizo-
bium bacteria from free-living cells to bacteroids inside the
plant vacuoles after infection of the plant root system is an
important subject of study for the development of more effi-
cient plant crops. Werner et al. have indicated that the activ-
ities of the enzymes acting on the amino acid pool of the
bacteroid are directly related to the effectiveness of the nod-
ules in nitrogen fixation (288). Bergersen et al. postulated that
P(3HB) plays a role in the physiology of bacteroids in the
nodule (11). The metabolic activity of the bacteroid is thus
critical for the establishment of successful symbiosis.

Transposon mutants of Rhizobium meliloti with defects in
P(3HB) formation were generated and examined for their ef-
fects in symbiosis. The phenotypes of four P(3HB)-negative
mutants were similar to that of the wild-type strain with respect
to induction of nodule formation on alfalfa (Medicago sativa).
In addition, the ethylene-reducing activity, a measure of the
nitrogenase activity, was also not affected in these p2b mutants.
Such results prompted the conclusion that efficient symbiosis
between R. meliloti and alfalfa is not affected by alterations in
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the P(3HB) metabolic pathways (203). This finding is actually
not surprising, given that R. meliloti bacteroids typically do not
deposit P(3HB) (23).

The inability of R. meliloti to form P(3HB) in the bacteroid
may be due to low activity of the NADPH-dependent malic
enzyme (49). Malate and other four-carbon dicarboxylic acids
are provided by the plant and are the preferred carbon sources
for the bacteroids (256). In fact, mutants with mutations in
either the uptake system for these substrates or the malic
enzymes are severely affected in nitrogen fixation. R. meliloti
has two malic enzymes, one of which is NADH dependent
(encoded by dme) and the other of which is NADPH depen-
dent (encoded by fme). Whereas Dme and Tme are both ex-
pressed in the free-living state, Tme expression is repressed
specifically in the bacteroid whereas Dme is inhibited by acetyl-
CoA. As a consequence, P(3HB) formation is inhibited be-
cause too little substrate and too few reducing equivalents are
present in the R. meliloti bacteroid to pull acetyl-CoA to 3-hy-
droxybutyryl-CoA (49) (Fig. 11A). Thus, metabolism in R. me-
liloti may have evolved so that P(3HB) is not formed in the
bacteroid, since P(3HB) formation does not benefit the sym-
biosis.

In contrast to R. meliloti, R. etli does form P(3HB) in both
the free-living and bacteroid state. R. etli CE3 is auxotrophic
for biotin and thiamin, cofactors for pyruvate dehydrogenase
and a-ketoglutarate dehydrogenase, respectively, and in the
absence of these vitamins P(3HB) was accumulated to high
levels. As a result of these auxotrophies, the TCA cycle cannot
function optimally even in the aerobic free-living state, and the
role of the TCA cycle as an overflow mechanism for carbon
and reducing equivalents appears to be taken over by P(3HB)
formation (53). A P(3HB)-negative mutant of R. etli was con-
structed by insertion of an antibiotic resistance marker in the
phaC gene. This mutant strain was growth impaired when
glucose or pyruvate was the carbon source but not when suc-
cinate was the carbon source. On succinate the mutant ex-
creted increased levels of organic acids and had a lower ratio of
NAD to NADH compared to the parent strain (23). These
data underscore the importance of P(3HB) formation for
maintaining the redox balance and supporting a functional
TCA cycle.

In contrast to the wild-type strain, nodules of the R. etli phaC
mutant showed higher and prolonged nitrogenase activity,
which fixes atmospheric nitrogen into ammonium ions. As a
consequence, plants inoculated with the phaC mutants had a
higher nitrogen content (23). It was proposed that the increase
in reducing equivalents in the absence of P(3HB) formation is
used by nitrogenase, similar to a Rhodobacter sphaeroides
P(3HB)-negative mutant which uses the increased reductive
power for hydrogen generation (109). The results obtained
with the R. etli P(3HB)-negative mutant led to an explanation
for the efficiency of alfalfa nodules in nitrogen fixation. These
nodules are the result of a symbiosis with phenotypically
P(3HB)-negative R. meliloti, which leads to an increased avail-
ability of reducing power for the nitrogenase enzyme (90).
Apparently, nature has evolved the alfalfa-R. meliloti symbiosis
to improve nitrogen fixation by preventing P(3HB) formation.
Why the R. etli symbiosis with pea has not selected against
P(3HB) formation is a mystery but prompts one to believe that
P(3HB) plays another role in this relationship, possibly for
survival of R. etli in the free-living state (23).

Hahn et al. studied the nif region of Bradyrhizobium japoni-
cum and found that Tn5 mutants in the nitrogenase-encoding
nifD, nifK, and nifH genes resulted in increased P(3HB) accu-
mulation (76). Apparently, the absence of nitrogen fixation in
these B. japonicum mutants also results in an energy status of
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the cell that supports increased P(3HB) synthesis. It seems that
P(3HB) synthesis serves as an alternative pathway in these
mutants for the regeneration of reducing equivalents.

Studies of amino acid uptake mutants in R. leguminosarum
have also indicated a link between amino acid metabolism and
P(3HB) formation (Fig. 11B). A general amino acid permease
(Aap), which imports amino acids or exports glutamate, has
been identified in this organism. However, when glutamate is
secreted, no amino acids are taken up. Mutants with reduced
activity of this transporter were isolated based on their resis-
tance to aspartate, and the corresponding mutations were
mapped in genes encoding the TCA cycle enzymes succinyl-
CoA synthetase (sucCD) and 2-oxoglutarate dehydrogenase
(sucAB). A second class of mutants had mutations in phaC,
encoding P(3HB) polymerase. The increased secretion of glu-
tamate due to mutations in either the TCA cycle or P(3HB)
synthesis prevented aspartate uptake to confer the resistance
phenotype. Glutamate therefore appears not to be important
as a carbon and energy source; instead, the synthesis and se-
cretion of glutamate is important to balance carbon and re-
ducing equivalents, especially in the absence of a functional
TCA cycle or PHB pathway. Because bacteroids are typically
anaerobic, the TCA cycle requires cofactor regeneration by
other means than oxidation with molecular oxygen. Appar-
ently, both glutamate synthesis and P(3HB) synthesis play this
role (283).

In the bacteroid stage, the nitrogen fixation apparatus is
competing with P(3HB) formation for reducing equivalents.
Rhizobium apparently evolved mechanisms to maintain a func-
tional TCA cycle under anaerobic or microaerobic conditions
(Fig. 11C). In the bacteroid, the reducing equivalents are used
for nitrogen fixation to support symbiosis, but they can be used
for P(3HB) formation as well. In the free-living state, nitroge-
nase is not expressed and P(3HB) plays a role as a sink for
excess NAD(P)H when the TCA cycle is not completely active.
By regulating the levels of the three different pathways to
oxidize NAD(P)H, different Rhizobium spp. have evolved a
variety of symbiotic conditions.

Conclusions

PHA biosynthesis proceeds through the action of only a few
enzymes, which are specifically involved in PHA formation.
The genes encoding these enzymes are essential for PHA for-
mation. In addition, a range of other activities affects the
amount of PHA that is accumulated, including enzymes that
are involved in central metabolism, global metabolic regula-
tion, or control and maintenance of the surface of PHA gran-
ules (Fig. 12). Taken together, these molecular genetic data
provide a glimpse of the complexity of PHA metabolism. Since
PHA formation is dependent on the fluxes in central metabolic
pathways and the levels of precursors, a detailed knowledge of
the molecular physiology of PHA metabolism is critical for
successful implementation of transgenic PHA producers. Un-
like the production of heterologous proteins, which relies
mostly on sufficient gene expression, recombinant PHA pro-
duction involves coordinated expression of heterologous en-
zymes over a prolonged period and with a concomitant redi-
rection of the metabolism of the host. As a consequence of the
metabolic changes introduced by expressing the pha and phb
genes, the cell will induce its own responses, which are not
necessarily favorable for PHA production. It is therefore crit-
ical to understand how bacteria normally regulate PHA for-
mation and how undesired responses from a recombinant host
can be prevented. Only then can recombinant processes be
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FIG. 11. P(3HB) metabolism and N, fixation in Rhizobium. (A) In the bacteroid of R. meliloti in symbiosis with alfalfa, the Tme malic enzyme is not expressed while
Dme is inhibited by excess acetyl-CoA. Consequently, the levels of NAD(P)H are too low to pull acetyl-CoA into the P(3HB) pathway. In the free-living state, however,
both Tme and Dme are active and P(3HB) formation is initiated under the desired conditions. (B) A direct link in central metabolism between the TCA cycle, P(3HB)
formation, and amino acid metabolism is apparent from studies of the R. leguminosarum amino acid permease. Mutants that are less sensitive to high levels of aspartate
have an increased secretion of glutamate. This increased production of glutamate is caused by inhibition of the TCA cycle either by a mutation in one of the genes
encoding a TCA cycle enzyme or by a mutation in the PHA polymerase gene. In the absence of P(3HB) synthesis, the TCA cycle cannot function optimally, since
increased reducing equivalents inhibit a-ketoglutarate dehydrogenase. Both types of mutations cause accumulation of a-ketoglutarate, which is directly converted to
glutamate. (C) Recycling of reducing equivalents in Rhizobium. The TCA cycle is the most important pathway for supplying precursors of amino acids. To keep the
TCA cycle active in the anaerobic bacteroid, P(3HB) biosynthesis and nitrogenase oxidize reducing equivalents. Different Rhizobium spp. have evolved different means
to regulate the three NAD(P)H-oxidizing pathways in the free-living or bacteroid state.

successfully developed and lead to what are expected to be the to different metabolic pathways that are prominent in bacterial
most efficient PHA production processes. species isolated from different sources but that all lead to the
formation of PHAs. It is this diversity of pathways that pro-
vides the bricks for the construction of an optimal recombinant

PRODUCTION OF PHAs BY NATURAL ORGANISMS PHA producer. Those optimal recombinant PHA producers
can be evaluated only in the context of the wild-type organisms.
The different examples provided in the previous section il- Therefore, in this section the state of the art in PHA produc-

lustrate the diversity of the microbial community with respect tion by natural organisms is described to provide the back-
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FIG. 12. Ancillary genes encoding enzymes and proteins that affect PHA
accumulation. Three enzymes encoded by three genes are essential for P(3HB)
formation. Several other gene products, however, affect P(3HB) formation, and
mutations in the corresponding genes may decrease P(3HB) levels. Such en-
zymes and proteins can act on different aspects of P(3HB) formation: monomer
supply, cofactor regeneration, granule assembly, or polymer degradation.

ground information needed to assess the merits and prospects
of recombinant organisms.

P(3HB) was the only PHA known for almost 50 years until
Wallen and Rohwedder (282) identified a number of addi-
tional 3-hydroxy fatty acids in active-sludge samples. The major
force to commercialize PHAs was Imperial Chemical Indus-
tries, Ltd. (ICI), in the 1970s. Several bacterial species were
evaluated as potential production organisms. The low cost of
methanol and ICI’s experience with fermentations of methanol
utilizers made methylotrophic bacteria the obvious first choice.
However, the amount of polymer produced per cell was insuf-
ficient and its molecular weight was too low for the envisaged
applications. The second organism of choice was Azotobacter,
since it was microbiologically well understood and was recog-
nized as a putative production organism. However, the studied
strains were unstable and secreted polysaccharides. Obviously,
the formation of any by-product is undesirable and should be
kept to a minimum since it directly impacts the yield of prod-
uct. The third organism of choice was R. eutropha, which pro-
duced high-molecular-weight P(3HB) on fructose. Accumula-
tion of P(3HB) by R. eutropha proceeds preferentially under
nitrogen- or phosphate-limiting conditions. The resulting pro-
duction process with this bacterium was in 200,000-liter stirred
fermentation vessels (20).

The first copolymer that was produced in fermentation sys-
tems also initiated the subsequent surge in interest in PHAs. A
patent by Holmes described the controlled synthesis of P(3HB-
3HV), in which the 3HV fraction in the polymer could be
controlled by the concentration of propionate in the growth
medium (92). After the discovery of polyhydroxyoctanoate
[P(3HO-3HH)] (Fig. 1) in octane-grown P. oleovorans (41), the
range of different constituents of PHAs expanded rapidly, and
currently close to 100 different PHA monomers have been
identified (254).

Comparison of PHA production by different organisms is
generally not informative, due to the diversity of PHAs, pro-
duction organisms, substrates, and growth conditions used by
different laboratories. One should also consider that the ratio-
nale for the various studies may be different and that the
different experimental details render the results not compara-
ble. In sophisticated fermentation systems, higher cell densities
can be obtained, which inherently lead to higher productivities
per unit volume. In this section, we describe the different
procedures that have been used to study the production of
PHAs. The results are therefore generally presented in terms
of “PHA accumulation as the percentage of the cell dry
weight” and “monomer composition as the percentage of the
polymer.” In general, these studies provide strategies and clues
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to increase productivities for industrial-scale operations. Pro-
duction studies with the three most extensively studied organ-
isms are described and are followed by a section on the use of
raw but cheap carbon sources for PHA formation by other
organisms.

Ralstonia eutropha

R. eutropha was the production organism of choice for ICI in
the development of commercial production facilities for
P(3HB-3HV) (20). This microorganism grows well in minimal
medium at 30°C on a multitude of carbon sources but not on
glucose. A glucose-utilizing mutant was therefore selected and
used to produce P(3HB-3HV) at a scale of 300 tons per year
(21). Chemie Linz GmbH, Linz, Austria, produced P(3HB)
from sucrose at up to 1,000 kg per week by using Alcaligenes
latus. A. latus is substantially different from R. eutropha and
produces P(3HB) during exponential growth, whereas R. eu-
tropha does not start PHA formation until stationary phase
(79, 96).

The literature on PHA production by R. eutropha is some-
what confusing due to the different strains that have been used.
The three strains that have been studied most extensively are
the original P(3HB) producer H16 (ATCC 17699) and its glu-
cose-utilizing mutant known as 11599 in the NCIMB collec-
tion. Other well-studied strains are ATCC 176977, R. eutropha
SH-69, and a natural isolate, Alcaligenes sp. strain AK201. R.
eutropha has been studied intensively for potential copolymer
formation to expand the properties range of ssc-PHAs. Two
cultivation techniques have generally been used. In batch ex-
periments, both cell growth and PHA formation are examined
in the same medium. In nitrogen-free experiments, cells are
pregrown in rich medium and then resuspended in a medium
lacking a nitrogen source but with the carbon source of choice.

Feeding strategies for PHA copolymer production. The first
comonomer that was incorporated into P(3HB) in a defined
growth medium was 3HV (92). 3HV can be formed by con-
densation of propionyl-CoA with acetyl-CoA by B-ketoacyl-
CoA thiolase, followed by reduction to 3HV-CoA. By varying
the ratio of acetate and propionate in the substrate, R. eutro-
pha H16 accumulates P(3HB-3HV) up to 50% of the cell dry
weight, with 3HV levels varying between 0 and 45% (46). By
using '*C-labeled carbon sources, it was established that the
P(3HB-3HV) biosynthetic pathway is through 3-ketoacyl-CoA
thiolase, acetoacetyl-CoA reductase, and P(3HB) polymerase.
When valerate was supplied as the carbon source to R. eutro-
pha NCIMB 11599, the HV fraction in the polymer was 85%.
When mixtures of 5-chlorovalerate and valerate were used,
terpolyesters were formed containing 3HB, 3HV, and SHV
monomers up to 46% of the cell dry weight and with 52% SHV
monomer (47). R. eutropha H16 and R. eutropha NCIMB
11599 were directly compared in experiments where butyrate
and valerate were used as the carbon source. NCIMB 11599
was able to direct more 3HV monomer to P(3HB-3HV) (90%
3HV) than was H16 (75%). Also, the molecular weight of the
polymer produced by NCIMB 11599 was consistently higher.
By using '*C-labeled carbon sources, it was established that
these fatty acids were converted to P(3HB-3HV) without un-
dergoing complete degradation to acetyl-CoA and propionyl-
CoA. This means that either the (§)-3-hydroxyacyl-CoA or
3-ketoacyl-CoA is directly converted into monomer. Interest-
ingly, this pathway operates in the presence of a nitrogen
source, in contrast to the pathway from fructose (48). It is
possible that inhibition of thiolase during active metabolism of
carbohydrates prevents P(3HB) formation during growth
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whereas a pathway that involves only reductase and polymer-
ase is insensitive to this inhibition.

R. eutropha H16 accumulates copolyesters of 3HB and 4-hy-
droxybutyrate (4HB) from mixtures of butyrate and 4HB (132)
or mixtures with 4-chlorobutyrate, 1,4-butanediol, or y-butyro-
lactone (131). With such mixtures of carbon sources, PHA
levels reach 40% of the cell dry weight with 4HB levels up to
37%. As a result of the increased 4HB fraction, a lower melting
temperature, a decreased crystallinity (132), and an enhanced
rate of PHA degradation are obtained (131). Mixtures of bu-
tyrate, valerate, and 4HB led to the accumulation of a P(3HB-
4HB-3HV) terpolymer with up to 45% 4HB and 23% 3HV
(132). Even higher incorporation levels were achieved with
mutants of R. eutropha H16 that cannot use valerate or 4HB as
the carbon source. When such mutants are tested for copoly-
mer formation, up to 96% 3 HV and 84% 4HB are incorpo-
rated (127). Although the total amount of accumulated PHA
may be smaller in such mutants, they have great promise for
further use in controlled fermentation systems where another
carbon source is available to support growth.

Alcaligenes sp. strain AK201 has been studied for P(3HB-
3HV) formation on C, to C,, fatty acids. P(3HB) was formed
up to 55% of the cell dry weight on C,,., fatty acids, whereas
P(3HB-3HV) was formed on C_4q4 substrates. As expected, the
3HV content of the polymer was higher on the shorter fatty
acids. On plant oils and animal fats, P(3HB) levels were also
around 50% of the cell dry weight. Interestingly, the molecular
weight of the PHA formed was carbon source dependent and
was maximal for C,_, and C,5_,, fatty acids (5). On dicarboxy-
lic acids in the C, to C, range, P(3HB) homopolymer was
accumulated to 50 to 60% of the cell dry weight (4). Further
optimization of P(3HB) production on fatty substrates led to
polymer levels over 60% of the cell dry weight in a palm oil fed
fermentation. On the other hand, oleate, which is the main
constituent of palm oil, supported P(3HB) formation to only
42% of the cell dry weight, and this polyester had a lower
molecular weight (157). Apparently, palm oil and the free fatty
acid that constitutes the oil have a sufficiently different effect
on the cells, leading to variations in PHA productivities. Even
though these two carbon sources are degraded by the same
metabolic pathway, their nature (ionic/soluble or neutral/insol-
uble) affects PHA formation.

Copolymer production from central metabolites. At high
concentrations, short-chain fatty acids such as propionate and
valerate are toxic for R. eutropha. Alternative means of intro-
ducing 3HV monomers have therefore been explored. Propio-
nyl-CoA is an intermediate in the degradation pathway of
threonine, valine, and isoleucine, and strains with mutations in
these pathways were tested for P(3HB-3HV) production. R.
eutropha R3 is a prototrophic revertant of an isoleucine auxo-
troph of R. eutropha H16 and accumulates P(3HB-3HV) with
up to 7% 3HV on fructose, gluconate, succinate, acetate, and
lactate. To compensate for a threonine dehydratase mutation,
R. eutropha R3 overproduces acetolactate synthase and se-
cretes valine and some leucine and isoleucine. Under nitrogen-
deficient conditions, however, the precursors of these amino
acids, 2-keto-3-isovalerate and 2-keto-3-methylvalerate, are
overproduced and subsequently degraded through the propio-
nyl-CoA intermediate (251) (Fig. 13).

Addition to threonine, isoleucine, and valine to cultures of
R. eutropha SH-69 resulted in the incorporation of 53, 41, and
15% 3HV, respectively. Whereas threonine is toxic at high
concentrations and consequently reduces biomass and PHA
production, isoleucine and valine are not toxic up to concen-
trations of 50 mM. When the concentration of amino acid
supplements exceeds 10 mM, the fraction of 3HV in the poly-
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FIG. 13. Endogenous formation of propionyl-CoA in R. eutropha R3, which
has altered metabolism of the branched-chain amino acids. This mutant over-
produces the acetolactate synthase approximately 15-fold to compensate for a
defective threonine dehydratase. The endogenous accumulation of propionyl-
CoA under nitrogen-limiting conditions allows this strain to produce P(3HB-
3HV) without the supplementation of the growth medium with propionate or
other cofeeds.

mer is directly related to the concentration of the amino acid.
In contrast, R. eutropha NCIMB 11599 does not incorporate
3HV from threonine and incorporates only up to 2% from
isoleucine or valine (302). When R. eutropha H16 was resus-
pended in Na™- or O,-limiting medium with threonine as the
sole carbon source, 6% PHA with 5% 3HV was accumulated
(176).

These types of experiments prove that alternative, cell-de-
rived substrates can be used for P(3HB-3HV) synthesis and
that supplementation of carbon sources for alternative PHA
monomers can be circumvented. Metabolic engineering of new
PHA monomer biosynthetic pathways such as from the threo-
nine pathway can thus lead to new P(3HB-3HV)-producing
strains. The pathways involved in the biosynthesis of threonine,
isoleucine, and valine are well characterized in E. coli and
other amino acid producers, and engineered E. coli strains that
produce 79 g of threonine per liter are commercially exploited
(37). The combination of developments in metabolic engineer-
ing of amino acid and PHA pathways provides a tremendous
benefit for the successful generation of economic P(3HB-
3HV) producers. It is therefore to be expected that other
biotechnological processes will aid in the production of some
specific PHAs as well.

Fed-batch and continuous culture. The preceding para-
graphs show that the composition of ssc-PHAs is determined
by multiple factors. The substrate for growth and PHA forma-
tion is an obvious parameter. More important is that central
metabolism, especially amino acid metabolism, plays an impor-
tant role. Recognition of such phenomena allows the metabolic
engineer to design PHA-producing strains able to accumulate
materials with a number of different compositions. The next
paragraphs describe in more detail how R. eutropha is grown to
obtain PHAS in large quantities from different carbon sources.

R. eutropha NCIMB 11599 has been studied intensively in
high-cell-density fermentation studies. To reach cell densities
of 100 g/liter, a fed-batch mode is the preferred way of oper-
ation. In fed-batch fermentations, the addition of nutrients is
triggered by specific changes in the growth medium as a result
of depletion of one of the required medium components. By
using a pH-regulated system for glucose supplementation,
P(3HB) was produced to 10 g/liter or 17% of the biomass at a
productivity of 0.25 g/liter/h. Because the pH increase in re-
sponse to carbon limitation is slow for this strain, improve-
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ments were sought by using the dissolved-oxygen value as the
trigger for further glucose addition (DO-stat). When nitrogen
was made limiting at a biomass of 70 g/liter and using a DO-
stat, P(3HB) was produced to 121 g/liter, corresponding to
75% of the biomass, with a productivity of 2.42 g/liter/h. The
yield of P(3HB) was 0.3 g/g of glucose (121). Since pH control
under nitrogen-limiting conditions is achieved by the addition
of NaOH, problems occur at high densities in large volumes
because of the toxicity of highly concentrated hydroxide (230).
In addition, it is very important to maintain phosphate and
magnesium ion levels above 0.35 g/liter and 10 mg/liter, re-
spectively (8). Ryu et al. therefore studied P(3HB) formation
under phosphate-limiting conditions where the pH is con-
trolled by ammonium hydroxide. Under these conditions,
P(3HB) levels of 232 g/liter (80% of the cell dry weight) were
obtained with a productivity of 3.14 g/liter/h (230). R. eutropha
NCIMB 11599 was subsequently grown on tapioca hydrolysate
(90% glucose) as a potential cheap carbon source, but unfor-
tunately the presence of toxic compounds, possibly cyanate, in
the substrate limited productivity to 1 g/liter/h for a 60-h fer-
mentation (120).

Continuous-culture studies have shown that the theoretical
maximal yield of P(3HB) on glucose (0.48 g/g) can be ap-
proached to within 5% at a growth rate of 0.05 h™' (88). Such
studies also indicated the importance of the growth rate on
3HYV incorporation when a fructose-valerate mixture was used
as the substrate (128). At dilution rates varying from 0.06 to
0.32, the 3HV content increased from 11 to 79%. Because the
toxicity of propionate is pH dependent, P(3HB-3HV) copoly-
mers with different 3HV contents can be produced by varying
the pH of the culture as well (27). As described above, R.
eutropha SH-69 accumulates P(3HB-3HV) from glucose as the
only carbon source. For this strain, the 3HV fraction in the
copolymer is strongly dependent on the glucose concentration
in the medium. Maximal accumulation of P(3HB-3HV) occurs
with 2 to 3% glucose and a dissolved oxygen concentration of
at least 20%. Unfortunately, a 20% 3HV content is not ob-
tained until 6% glucose is supplied (226). R. eutropha DSM 545
produces P(3HB-3HV) from glucose and propionate in fed-
batch fermentations under conditions of nitrogen limitation
and low dissolved oxygen concentrations. The yield of 3HB on
glucose is independent of the dissolved-oxygen concentration,
but the HV content is lower at high than at low dissolved-
oxygen concentrations (21 and 29%, respectively) (151). The
optimal conditions for 3HV incorporation appear to be deter-
mined by multiple parameters. As a consequence, the P(3HB-
3HV) composition will be influenced to a large extent by the
design and setup of the complete process.

Methylobacterium

Methanol is a relatively cheap carbon source and therefore
is potentially useful as a substrate for PHA formation (204).
Suzuki et al. demonstrated the feasibility of this concept in a
series of experiments on P(3HB) formation by Protomonas
extorquens sp. strain K (259-262). In a fully automated fed-
batch culture, 136 g of P(3HB) per liter was formed in 175 h
with a yield of 0.18 g of PHB per g of substrate. This polymer
had a molecular mass of 300,000 Da. Improvement of the
medium composition increased producing to 149 g/liter in
170 h (260, 261). The effect of physiological parameters such as
temperature, pH, and methanol concentration were subse-
quently studied under the optimized conditions (259). When
the growth temperature and pH were drastically different from
the optimal conditions (30°C at pH 7.0), the molecular weight
of the produced P(3HB) was significantly higher. However,
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such conditions also resulted in a dramatically reduced yield of
P(3HB). The methanol concentration, on the other hand,
proved to be a useful parameter for molecular weight control.
At methanol concentrations of 0.05 to 2 g/liter, P(3HB) was
deposited to 50 and 60% of the cell dry weight with molecular
masses ranging from 70,000 to 600,000 Da. At higher methanol
concentrations, the yield dropped to 30% and the molecular
mass dropped to 30,000 Da (259). By using a slow methanol
feed to prevent oxygen limitation in a fed-batch fermentation,
P(3HB) was accumulated to 45% of the cell dry weight corre-
sponding to 0.56 g/liter/h with a yield on methanol of 0.20 (14).
As a result of the slow feed, a molecular mass of over 1,000,000
Da could be obtained.

By using a natural isolate of Methylobacterium extorquens,
P(3HB-3HV) copolymers were produced from methanol-val-
erate mixtures. The optimal fermentation conditions consisted
of a methanol concentration of 1.7 g/liter, and the addition of
a complex nitrogen source. Under these conditions, P(3HB)
was accumulated to 30% of the cell dry weight with a molec-
ular mass of 250,000 Da (13). Still other isolates such as Methyl-
obacterium sp. strain KCTC0048 have been studied for copol-
ymer synthesis. This organism accumulates P(3HB-3HV),
P(3HB-4HB), and poly(3-hydroxybutyrate-co-3-hydroxypropi-
onate) (P[3HB-3HP]) to 30% of the cell dry weight with frac-
tions of 3HV up to 0.7, 4HB up to 0.13, and 3HP up to 0.11
(115).

Whereas M. extorquens incorporates the methanol-derived
formic acid into the serine pathway, another PHA producer, P.
denitrificans, reduces formation to CO,, which is subsequently
fixed by the ribulose bisphosphate pathway. Interestingly, these
different pathways have clear effects on P(3HB-3HV) forma-
tion by these organisms (272). M. extorquens synthesizes 50%
more PHA than P. denitrificans, while the latter incorporates
twice as much 3HV on methanol-pentanol mixtures. The 3HV
fraction in the PHA produced by P. denitrificans reaches 0.84
and is based on a relatively small amount of 3HB precursor.
Under controlled growth conditions with pentanol as the only
growth substrate, P. denitrificans accumulates PHV as a ho-
mopolymer up to 55% of its cell dry weight (300).

Pseudomonas

The PHA biosynthetic machinery of P. putida is most active
toward monomers in the Cg to C,, range. Because long-side-
chain fatty acids such as oleate (C,g.,) need to be converted in
multiple rounds of the B-oxidation pathway before the result-
ing Cg and C,, monomers can be incorporated, these sub-
strates are less efficiently converted to PHA than is octanoate.
Oleic acid, for instance, has to yield 4 acetyl-CoA molecules
before a C,, monomer can be incorporated. This conversion
yields 20 ATP equivalents in the reduction steps, which is
unlikely to occur at a time when excess energy cannot be
dissipated. In contrast, decanoic acid and octanoic acid yield 2
ATP equivalents before being incorporated into msc-PHA. As
a consequence, the polymer yields per cell are often higher
when medium-chain fatty acids are used. Unfortunately, me-
dium-chain fatty acids are generally more expensive, and there-
fore a compromise between substrate price and conversion
yield is being sought.

msc-PHA formation by Pseudomonas from fatty acids. Inex-
pensive substrates have been tested for PHA production by
Pseudomonas species. Tallow is an inexpensive fat that suffers
a production overcapacity. Since it is a mixture of triglycerides
with oleic, stearic, and palmitic acids as major fatty acid com-
ponents, tallow represents an interesting substrate for PHA
production. Although some of the better characterized Pseudo-
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monas strains convert hydrolyzed tallow to PHAs at levels
between 15 and 20% of their cell dry weight, these organisms
do not secrete a lipase enzyme to facilitate tallow hydrolysis. P.
resinovorans, however, provides both lipase activity and PHA
biosynthetic capacity up to 15% of the cell dry weight (31).
Whereas tallow is a widely available feedstock in the United
States, other countries such as Malaysia have other carbon
sources available for PHA production. Studies by Tan et al.
(66) show that P. putida can convert saponified palm kernel oil
to PHA. The major fatty acid constituents of palm oil are lauric
and myristic acid (>55%). Whereas PHA from either lauric or
myristic acid is semicrystalline, PHA from either oleate or
saponified palm kernel oil is amorphous (266). Besides their
lowest cost, long side-chain fatty acids offer an additional ad-
vantage, since they often contain functional groups that make
the resulting PHA amenable to modification after isolation
(52). The presence of double bonds in some fatty acids results
in unsaturated monomers that provide sites for chemical mod-
ification of the PHA. When hydrolyzed linseed oil was used,
PHA was accumulated up to 20% of the cell dry weight, with
51% of the monomers being polyunsaturated. The primary
fatty acids in linseed oil are linolenic acid, oleic acid, and
linoleic acid, and these substrates result in monomers with up
to three unsaturated bonds. Interestingly, the initial PHA
preparation was amorphous, but exposure to air for 3 days
resulted in solidification of the material due to cross-linking of
the polyunsaturated monomers (22).

Fed-batch and continuous culture. The yield of PHA on
glucose is relatively poor, and production of PHA by fermen-
tation has therefore focused on using fatty acids and hydrocar-
bons. Initial fermentation studies of P. oleovorans on octane
showed that cell growth is limited by the oxygen supply. When
the growth rate was lowered by decreasing the growth temper-
ature, a higher cell density was obtained (205). With the data
from such batch experiments, fed-batch fermentations resulted
in a final biomass of 37 g/liter, 33% of which is PHA with a
productivity of 0.25 g of PHA/liter/h. Because octane is a
flammable substrate, other production studies mostly involved
the use of octanoic acid as the carbon source. By using pure
oxygen, P. oleovorans was grown on octanoic acid to a cell
density of 42 g/liter, accumulating 37% PHA with a productiv-
ity of 0.35 g/liter/h (145). In an experiment where cells were
pregrown on a rich medium followed by resuspension in nitro-
gen-free minimal medium with octanoate, Hori et al. examined
the effect of several physiological parameters on PHA produc-
tion by P. putida (93). The rate of PHA formation is highest at
30°C with an octanoate concentration of 3.5 mM and a pH of
7.8. The molecular mass of the PHA is unchanged over the
length of a fermentation process, but both lower temperature
(15°C) and a lower octanoate concentration (1.5 mM) give a
twofold-higher molecular mass (2.4 X 10° Da). Under these
conditions in a two-stage fed-batch fermentation, the yield on
octanoate was 0.3 and PHA was accumulated up to 50% of the
cell dry weight (93).

Kim et al. studied the effects of the usage of separate carbon
sources for growth and PHA production (123). With the use of
octanoic acid throughout the fermentation, 25 g of PHA/liter
was obtained at a yield of 0.28 g of PHA/g of octanoate. When
glucose was used to obtain a biomass of 30 g/liter followed by
the supplementation of octanoate for PHA production, the
PHA concentration decreased to 18.6 g/liter although the yield
was improved to 0.4. The simultaneous supply of both glucose
and octanoic acid resulted in 35.9 g of PHA/liter (65% of the
cell dry weight) with a high yield (0.4 g/g) and a productivity of
0.92 g/liter/h (123). From these experiments, it appears that
mixtures of cheap growth substrates and more expensive sub-
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strates for product formation provide a valuable means of
lowering PHA production costs. Because oleate is a cheaper
substrate than octanoate, its use in a fed-batch production
process was studied. Oleate supply was regulated by a DO-stat,
and biomass was formed to 92 g/liter, of which 45% was PHA,
in only 26 h. This resulted in the production of 1.6 g PHA/
liter/h (100).

These studies show the tremendous impact of the growth
conditions on PHA formation. Besides these fed-batch studies,
optimization of PHA formation was also studied in continuous
culture. Although continuous cultures are not industrially fea-
sible and rarely reach the densities of fed-batch cultures, they
often provide useful information for the scale-up of production
processes.

At low biomass concentrations and a generation time of 0.1
generation/h, P. oleovorans produced PHA at a rate of 0.20
g/liter/h on either octane (207) or octanoate (213). Improve-
ments in the medium composition led to a higher productivity
(0.56 g/liter/h), primarily because of a higher biomass concen-
tration (205). Similar studies by Huijberts and Eggink describe
PHA production on oleate. The highest volumetric productiv-
ity obtained was 0.69 g/liter/h at a generation time of 0.1 h™'
(101). Although these productivities are lower than those ob-
tained in fed-batch cultures, the data show the importance of
the growth medium and give an indication of the optimal
generation time during the later stages of growth.

PHA formation by Pseudomonas from carbohydrates. Ini-
tially it was surprising when P. putida strains were found to be
able to accumulate PHAs from glucose and other sugars. The
first msc-PHA producer, P. oleovorans, was unable to do so,
and it was expected that the msc-PHA pathway would be
exclusively fatty acid based. However, several studies showed
that P. putida and P. aeruginosa strains are able to convert
acetyl-CoA to medium-chain-length monomers for PHA syn-
thesis. In fact, it now turns out that rather than being the rule,
P. oleovorans is an exception among the pseudomonads in
being unable to synthesize PHAs from sugars. PHAs that are
formed from gluconate or related sugars have a different com-
position from the PHAs from fatty acids. Whereas the latter
PHASs have 3-hydroxyoctanoate as the main constituent, sugar-
grown cells accumulate PHAs in which 3-hydroxydecanoate is
the main monomer and small amounts of unsaturated mono-
mer are present (84, 102, 270).

PHA Production by Other Microorganisms

PHA producers have been isolated from several waste
stream treatment sites, since these facilities often provide a
mixture of substrates that select for a variety of organisms. In
addition, waste streams often contain high concentrations of
organic molecules such as fatty acids, which are inexpensive
substrates for PHA formation. Several investigators have stud-
ied PHA production by natural isolates from genera such as
Sphaerotilus, Agrobacterium, Rhodobacter, Actinobacillus, and
Azotobacter to convert organic waste into PHA.

Sphaerotilus natans is a typical inhabitant of activated sludge,
where it is associated with the common problem of poor set-
tling of the sludge. Wild-type isolates of this bacterium pro-
duce P(3HB) up to 30% of the cell dry weight, but mutants
unable to form its encapsulating hydrophilic sheath overpro-
duce P(3HB) up to 50% (265). The P(3HB)-overproducing
mutant was found to be tolerant to 6 g of propionate per liter,
which is at least sixfold higher than for R. eutropha. Conse-
quently, S. natans is considered an excellent candidate for
P(3HB-3HV) synthesis from glucose and propionate mixtures.
The high concentration of propionate that can be supplied to
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the culture facilitates the fermentation process. The 3HV con-
tent and the final amount of PHA accumulated are pH depen-
dent in this bacterium. The 3HV fraction varies from 15 to
43% between pH values of 7.3 and 5.9, establishing an addi-
tional means of controlling PHA composition besides substrate
concentration. Under optimal conditions, PHA was accumu-
lated to 67% of the cell dry weight (264).

Agrobacterium sp. strains SH-1 and GW-014 were isolated
from activated sludge as organisms that accumulate P(3HB-
3HV) from glucose. Depending on the carbon source, accu-
mulation levels of 30 to 80% PHA with 3 to 11% 3HV were
obtained. PHA yields of over 65% with 2 to 6% 3HV were
obtained with hexoses such as glucose, fructose, mannitol, and
sucrose. On the other hand, PHAs with 8 to 11% 3HV were
accumulated when the pentose sugars arabinose and xylose
were carbon sources, but only to 35% of the cell dry weight.
The propionyl-CoA for 3HV formation is derived from succi-
nate through the methylmalonyl-CoA pathway. It was shown
that the specific production rate of the 3HV monomer was
dependent on the concentration of Co** ions, which form part
of the vitamin B,,-dependent methylmalonyl-CoA mutase.
Fed-batch cultivation on glucose-propionate resulted in PHA
formation up to 75% of the dry cell weight with 50% 3HV
monomer (140).

Rhodobacter sphaeroides has been studied for the formation
of PHA from anaerobically treated palm oil mill effluent
(POME). In Malaysia, POME is treated primarily such that
the organic acids are converted into methane, which is released
into the atmosphere. By combining processes in which POME
is converted anaerobically to organic acids, followed by PHA
production from these acids by a photosynthetic bacterium,
carbon sources in the effluent can be converted to PHA (80).

Actinobacillus sp. strain EL-9 has been isolated from soil and
accumulates PHA during the logarithmic growth phase. This
strain was studied for the conversion of the reduced sugar
components in alcoholic distillery wastewater to PHA. This
waste stream is rich in sugar and nitrogeneous compounds,
which have a high biological oxygen demand (BOD). Lowering
of the BOD of this effluent by using it for PHA formation
seems an environmentally sound solution for the treatment of
this waste stream while simultaneously producing a useful ma-
terial. Because Actinobacillus does not require nutrient-limit-
ing conditions, P(3HB) can be formed continuously on the
wastewater stream. Comparative studies of different carbon
sources showed that enzyme-hydrolyzed alcoholic distillery
wastewater gave the highest conversion of its components to
biomass (4.8 g/liter), 47% of which is P(3HB) (246).

Azotobacter vinelandii was recognized early on for its ability
to produce P(3HB) (20). A. vinelandii UWD was described as
a strain that produces P(3HB) during growth, possibly as a
result of a defective respiratory NADH oxidase (184). This
strain was studied for P(3HB) formation on complex carbon
sources such as corn syrup, cane molasses, beet molasses or
malt extract (183), fatty acids (185) or swine waste liquor (24).
With these different carbohydrates as growth substrates, simi-
lar levels and yields of P(3HB) were obtained. Perhaps the
unrefined substrates have additional beneficial effects on the
fermentation process, since they could promote growth (183).
Swine waste liquor consists primarily of acetate, propionate,
and butyrate and requires a high BOD. A. vinelandii UWD
produces P(3HB-3HV) from twofold-diluted swine waste li-
quor, but the productivity can be remarkably increased by
supplementation of additional carbohydrate sources (24).

Initially, the formation of polysaccharides by A. vinelandii
was considered such a disadvantage that continuing explora-
tion of this organism for commercial P(3HB) production was
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halted (20). In fact, it has been shown that the synthesis of
alginate and P(3HB) are interrelated since they play a role in
the response of the cell to growth conditions (19). The
amounts of alginate and P(3HB) formed by A. vinelandii are
dependent on the oxygenation, since a small amount of aera-
tion promotes P(3HB) synthesis over alginate synthesis. The
advent of genetic engineering since the initial efforts by ICI has
provided mutants of A. vinelandii with diminished alginate
formation. P(3HB) accumulation levels in these strains were
increased from 46 to 75% of the cell dry weight, with a three-
fold higher yield on sucrose (162). This finding illustrates how
modern molecular biological techniques can potentially have a
direct impact on industrial P(3HB) production, as is discussed
further in subsequent sections.

Conclusions

To discuss in great detail the vast number of organisms
capable of producing PHAs would be beyond the scope of this
review. The many PHA producers and the structures of the
approximately 100 different monomers have been summarized
previously (142, 254). It should be clear, however, that the
study of the biosynthetic pathways of these diverse organisms
provides insight into the processes necessary to engineer accu-
mulation of a variety of PHA polymers in transgenic organ-
isms. In addition, the study of mutants defective in PHA pro-
duction will aid in identifying the genes required to efficiently
express pha genes in heterologous organisms, such as E. coli
and plants. Currently, molecular data on the PHA biosynthetic
pathways from over 25 different bacterial species is available.
These microorganisms, with their own unique metabolic ver-
satility, provide the foundation from which engineered strains
for the production of PHAs can be designed. Not only is this
approach useful for recombinant bacterial strains, but also it
will be indispensable for further development of a plant crop-
based PHA production system.

PHA PRODUCTION BY RECOMBINANT BACTERIA

For the successful implementation of commercial PHA pro-
duction systems, it is a prerequisite to optimize all facets of the
fermentation conditions. The price of the PHA product will
ultimately depend on parameters such as substrate cost, PHA
yield on the substrate, and the efficiency of product formula-
tion in the downstream processing. This means that high PHA
levels as a percentage of the cell dry weight are desirable, as
well as a high productivity in terms of gram of product per unit
volume and time (38, 40).

Whereas natural PHA producers have become accustomed
to accumulating PHA during evolution, they often have a long
generation time and relatively low optimal growth tempera-
ture, are often hard to lyse, and contain pathways for PHA
degradation. Bacteria such as E. coli do not have the capacity
to synthesize or degrade PHAs; however, E. coli grows fast and
at a higher temperature and is easy to lyse. The faster growth
enables a shorter cycle time for the production process, while
the higher growth temperature provides a cost saving associ-
ated with cooling of the fermentation vessel. The easier lysis of
the cells provides cost savings during the purification of the
PHA granules. This section gives an overview of the efforts to
construct better PHA producers by applying the insights of
genetic and metabolic engineering. The effects of altered ex-
pression levels of pha genes on PHA formation have been
studied in natural PHA producers and are described first.
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Recombinant Natural PHA Producers

Several studies report on the effects of additional copies of
phb or pha genes on the formation of polymer by the wild-type
organism. Although elevated levels of PHA were occasionally
found, no dramatic effects of high-copy-number pha genes on
PHA metabolism were observed. Such results are consistent
with the multilayered regulation of PHA biosynthesis.

When the pha genes from P. oleovorans were introduced into
itself or into P. putida, no increased PHA synthesis was ob-
served. The only effect of additional copies of the PHA poly-
merase-expressing genes was a slight change in the composi-
tion of the polymer (107) and a decrease in its molecular
weight (106). P(3HB) production in a Rhizobium meliloti
P(3HB) mutant is also restored to only wild-type levels by a
plasmid-encoded R. meliloti phbC gene (271), whereas an ad-
ditional P. denitrificans phaC gene on a plasmid doubles the
wild-type PHV levels in a pentanol-grown parent strain (273).

In recombinant R. eutropha strains that overexpress the
phbCAB genes from a plasmid, the P(3HB) levels are increased
from 33 to 40% of the cell dry weight (189). This small increase
appears low in comparison to the 1.5- to 3-fold increase in the
levels of the individual enzymes and suggests a major influence
of the central metabolic pathways on P(3HB) formation. Sub-
sequent studies with these strains in fed-batch cultures indi-
cated that the use of recombinant R. eutropha strains could
reduce the fermentation time by 20% while maintaining the
same productivity (187). This reduction in fermentation time is
significant for commercial production, since the overall pro-
ductivity for a P(3HB) plant would be 20% higher.

The phbCAB operon from R. eutropha was also expressed in
several Pseudomonas strains that normally do not accumulate
P(3HB). The plasmid used in these studies expressed the genes
successfully, since P(3HB) was deposited by P. aeruginosa, P.
putida, P. oleovorans, P. syringae, and P. fluorescens. In contrast,
the non-PHA producer P. stutzeri was unable to synthesize
P(3HB) with the R. eutropha genes (253). Recently, PHB ac-
cumulation up to 25% of the cell dry weight was achieved in a
recombinant Synechococcus sp. containing the phb genes from
R. eutropha. PHB production was significantly enhanced under
nitrogen-limiting conditions and with acetate as the carbon
source, yielding a polymer with a molecular mass of 465,000 Da
(263).

Recombinant E. coli as PHA Producer

The availability of a large number of PHA biosynthetic
genes facilitates the construction of recombinant organisms for
the production of P(3HB). Although R. eutropha is an excellent
producer of P(3HB), this bacterium has certain limitations that
prevent it from being useful for the commercial production of
P(3HB). For instance, it grows slowly and is difficult to lyse. In
addition, it is not well characterized genetically, which impedes
its further manipulation for improved industrial performance.
P(3HB) production with recombinant systems may be able to
overcome these obstructions. Recombinant E. coli could po-
tentially be used to address these problems, since it is geneti-
cally well characterized. P(3HB) production in E. coli must be
engineered, because this organism does not naturally synthe-
size P(3HB) granules. Since the first phb genes were expressed
in E. coli (192, 236, 245), a variety of other polymers, such as
P(3HB-3HV), P(3HB-4HB), P4AHB, and P(3HO-3HH), have
been synthesized by E. coli following genetic and metabolic
engineering.

P(3HB). The first indication that P(3HB) could be synthe-
sized in heterologous hosts was obtained when the phb genes
from R. eutropha were cloned in E. coli and directed the for-
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mation of P(3HB) granules (192, 236, 245). Subsequent reports
on cloning of phb genes from other prokaryotes often included
similar heterologous expression studies. Even though recom-
binant E. coli is able to synthesize P(3HB) granules, these
strains lack the ability to accumulate levels equivalent to the
natural producers in defined media. The first P(3HB) produc-
tion experiments in fed-batch cultures therefore were in Luria-
Bertani (LB) broth, and P(3HB) levels of 90 g/liter were ob-
tained in 42 h with a pH-stat controlled system (122).

In a comprehensive comparison of recombinant E. coli
P(3HB)-producing strains, Lee et al. studied 10 different
strains equipped with a parB-stabilized phbCAB plasmid (147).
Among wild-type strains, E. coli B accumulated P(3HB) to
76% of the cell dry weight on 2% glucose-LB medium, while
E. coli W, K-12, and EC3132 formed P(3HB) to only 15 to 33%
of the cell dry weight. Typical cloning strains such as XL1-Blue,
JM109, and HB101, on the other hand, accumulated P(3HB)
to levels varying from 75 to 85% of the cell dry weight. By using
stabilized plasmids derived from either medium- or high-copy-
number plasmids, it was shown that only high-copy-number
vectors support substantial P(3HB) accumulation in E. coli
XL1-Blue (146). In a fed-batch fermentation on 2% glu-
cose-LB medium, this strain produced 81% P(3HB) at a pro-
ductivity of 2.1 g/liter/h (149). The P(3HB) productivity was
reduced to 0.46 g/liter/h in minimal medium but could be
recovered by the addition of complex nitrogen sources such as
yeast extract, tryptone, Casamino Acids, and collagen hydro-
lysate (144). By supplementing different amino acids sepa-
rately, it was apparent that P(3HB) formation in recombinant
XL1-Blue is limited by available NADPH. Addition of either
amino acids or oleate, both of which require substantial reduc-
ing equivalents for their synthesis, generally increased cellular
P(3HB) levels (148).

Although recombinant E. coli XL1-Blue is able to synthesize
substantial levels of P(3HB), growth is impaired by dramatic
filamentation of the cells, especially in defined medium (143,
147, 285). By overexpression of FtsZ in this strain, biomass
production was improved by 20% and P(3HB) levels were
doubled (150). This recombinant strain produced 104 g of
P(3HB) per liter in defined medium, corresponding to 70% of
the cell dry weight. The volumetric productivity of 2 g/liter/h,
however, is lower than achievable with R. eutropha (284).

One of the challenges of producing P(3HB) in recombinant
organisms is the stable and constant expression of the phb
genes during fermentation. P(3HB) production by recombi-
nant organisms is often hampered by the loss of plasmid from
the majority of the bacterial population. Such stability prob-
lems may be attributed to the metabolic load exerted by the
need to replicate the plasmid and synthesize P(3HB), which
diverts acetyl-CoA to P(3HB) rather than to biomass. In ad-
dition, plasmid copy numbers often decrease upon continued
fermentation because only a few copies provide the required
antibiotic resistance or prevent cell death by maintaining parB.
For these reasons, Kidwell et al. designed a runaway plasmid to
suppress the copy number of the plasmid at 30°C and induce
plasmid replication by shifting the temperature to 38°C (119).
By using this system, P(3HB) was produced to about 43% of
the cell dry weight within 15 h after induction with a volumetric
production of 1 g of P(3HB)/liter/h. Although this productivity
is of the same order of magnitude as that of natural P(3HB)
producers, strains harboring these parB-stabilized runaway
replicons still lost the capacity to accumulate P(3HB) during
prolonged fermentations.

Whereas the instability of the phb genes in high-cell-density
fermentations affects the PHA cost by decreasing the cellular
P(3HB) yields, another contributing factor to the compara-
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tively high price of PHASs is the cost of the feedstock. The most
common substrate used for P(3HB) production is glucose.
Zhang et al. (303) examined E. coli and Klebsiella aerogenes
strains for P(3HB) formation on molasses, which cost 33 to
50% less than glucose. The main carbon source in molasses is
sucrose. Recombinant E. coli and K. aerogenes strains, carrying
the phb locus on a plasmid, grown in minimal medium with 6%
sugarcane molasses accumulated P(3HB) to approximately 3
g/liter, corresponding to 45% of the cell dry weight. When the
K. aerogenes was grown in a fed-batch system in a 10-liter
fermentor on molasses as the sole carbon source, P(3HB) was
accumulated to 70% its cell dry weight, which corresponded to
24 gfliter. Although the phb plasmid in K. aerogenes was un-
stable, this strain shows promise as a P(3HB) producer on
molasses, especially since fadR mutants incorporate 3HV up to
55% in the presence of propionate (303).

Morphologically, the number of granules in E. coli and R.
eutropha and their size are not the same, even though they
were synthesized by the same enzymes (170). By using differ-
ential scanning calorimetry, thermogravimetric analysis, and
nuclear magnetic resonance, it was shown that the granules in
E. coli are in a more crystalline form than the granules in R.
eutropha (77). This may be because recombinant E. coli pro-
duces P(3HB) of higher molecular weight (133) or because of
the absence of specific P(3HB)-binding proteins such as PhaP.
The difference in crystallinity was thought to contribute to the
differences in degradation of the polymer during purification
(77). It was suggested that the increased crystallinity of this
high-molecular-weight P(3HB) prevented the embrittlement
seen for P(3HB) from natural sources such as R. eutropha
(134), and recombinant P(3HB) may therefore have applica-
tions for which natural P(3HB) does not qualify.

As described above, the incorporation of other monomers in
the growing P(3HB) chain results in polymers with drastically
altered and improved mechanical properties. Therefore, re-
combinant production systems will have to be able to facilitate
the production of a variety of copolymers.

P(3HB-3HYV). Engineering E. coli to produce P(3HB-3HV)
involved altering the endogenous metabolism of E. coli rather
than introducing a specialized set of genes. Supplementation
with propionate had generally been used for P(3HB-3HV)
formation in R. eutropha, and the initial strategy for recombi-
nant P(3HB-3HV) was therefore similar. Because E. coli does
not readily import propionic acid, cultures were adapted on
acetate and then a glucose-propionate mixture was added
(243). This system was improved by using E. coli strains that
have constitutive expression of the ato operon and fad regulon
to fully express fatty acid utilization enzymes (54, 243). The ato
system transports acetoacetate into the cell, and this is initially
activated to acetoacetyl-CoA by AtoAD. AtoAD is also able to
transport propionate into the cell (28) (Fig. 14). The fad regu-
lon encodes enzymes for complete degradation of fatty acids,
including a broad-specificity thiolase (28). It was expected that
the FadA thiolase was beneficial in the pathway for 3HV for-
mation compared to PhbA. The 3HV fraction in the copolymer
was dependent on the percentage of propionate used during
the fermentation, but it never exceeded 40%. Because E. coli is
resistant to 100 mM propionate (243) whereas 30 mM is al-
ready toxic for R. eutropha (212), it was suggested that P(3HB-
3HV) fermentations may be more efficient with E. coli strains
(243).

In subsequent studies, propionyl-CoA formation was studied
in strains with mutations in ackA and pta or in strains that
overexpress Ack. For efficient incorporation of 3HV into
P(3HB-3HV), E. coli requires the Pta and Ack activities (Fig.
14), although the acetate-inducible acetyl-CoA synthase may
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FIG. 14. Propionate is an additional carbon source which is supplied as a
cosubstrate for the synthesis of P(3HB-3HV) in recombinant E. coli. Several
pathways have been shown to be involved in the uptake of propionate and are
important in defining the optimal genotype for P(3HB-3HV) production strains.
Both the acetoacetate degradation pathway (the Ato system) and the acetate
secretion pathway (Ack/Pta) have been identified as contributing to propionate
transport.

also be involved (227). The prpE product is a recently discov-
ered acetyl-CoA synthase homolog which actually may be even
more specific to propionate (94). The recombinant production
systems for P(3HB-3HV) exemplify the need to alter the me-
tabolism of E. coli as well as to adjust feeding strategies in
order to produce the desired copolymers. As in E. coli, the
fadR mutation also enables Klebsiella oxytoca to produce
P(3HB-3HV) when grown on glucose and propionate (303).

Yim et al. reported that these recombinant E. coli P(3HB-
3HV) producers are unable to grow to a high density and
therefore are unsuited for commercial processes (301). In an
attempt to improve P(3HB-3HV) production in a recombinant
strain, four E. coli strains (XL1-Blue, JM109, HB101, and
DH5a) were tested. All four recombinant E. coli strains syn-
thesized P(3HB-3HV) when grown on glucose and propionate
with HV fractions of 7% (301). Unlike the strains studied
previously (243), recombinant XL1-Blue incorporated less
than 10% HYV when the propionic acid concentration was var-
ied between 0 and 80 mM. HV incorporation and PHA for-
mation were increased by pregrowing cells on acetate followed
by glucose-propionate addition at a cell density of around 10®
cells per ml. Oleate supplementation also stimulated HV in-
corporation. This recombinant XL1-Blue strain, when pre-
grown on acetate and with oleate supplementation, reached a
cell density of 8 g/liter, 75% of which was P(3HB-3HV), with
an HV fraction of 0.16 (301).

P(3HB-4HB) and P(4HB). P(4HB) is produced in E. coli by
introducing genes from a metabolically unrelated pathway into
a P(3HB) producer. The hbcT gene from Clostridium kluyveri
encodes a 4-hydroxybutyric acid-CoA transferase (104). By
engineering ibcT on the same plasmids as phbC from R. eu-
tropha, recombinant E. coli produced 4HB-containing PHAs
when grown in the presence of 4HB. Depending on the orien-
tation of the phbC and hbcT genes in the vector and the growth
conditions, up to 20% of the cell dry weight was made up of
P(4HB) homopolymer. Interestingly, P(4HB) homopolymer
was synthesized in the presence of glucose. In the absence of
glucose, a P(3HB-4HB) copolymer was accumulated with up to
72% 3HB, even though phbA and phbB were absent. This
suggests that E. coli contains an unknown pathway that allows
the conversion of 4HB to 3HB (86).

Valentin and Dennis were able to produce P(3HB-4HB)
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FIG. 15. Biosynthesis of P(3HB-4HB) in recombinant E. coli by using heterologous genes from Clostridium kiuyveri. The 4HB monomer in the synthesis of
P(3HB-4HB) is derived from succinate. Succinate is converted to 4HB-CoA by enzymes that are encoded by genes from the gram-positive, strictly anaerobic C. kluyveri

microbe.

directly from glucose (276). This was accomplished by intro-
ducing the succinate degradation pathway from C. kluyveri on
a separate plasmid into an E. coli strain harboring a plasmid
with the phb biosynthetic genes from R. eutropha. This copol-
ymer is synthesized by redirecting succinyl-CoA from the TCA
cycle to 4-hydroxybutyryl-CoA via succinic semialdehyde and
4HB (Fig. 15). P(3HB-4HB) was accumulated to 46% of the
cell dry weight with a 1.5% 4HB (276).

P(3HO-3HH). E. coli has also been engineered to produce
msc-PHAs by introducing the phaCI and phaC2 gene from P.
aeruginosa in a fadB::Kan mutant (136, 211). It was presumed
that this mutant accumulated intermediates of the B-oxidation
pathway that could be incorporated into PHA by the poly-
merases. The recombinant E. coli strain accumulated PHA up
to 21% of the cell dry weight when grown in LB broth con-
taining decanoate. The polymer contained primarily 3-hy-
droxydecanoate (73%) and 3-hydroxyoctanoate (19.0%) (136).
Interestingly, the fadB mutation in this strain is an insertion
mutation and not a point mutation and is noted to have un-
detectable FadAB activity. If FadAB is the only B-oxidation
complex in E. coli, one would expect that this strain would not
be capable of degrading fatty acids to PHA monomer.

The phaCl gene from P. oleovorans also directs PHA for-
mation in E. coli. Strains with a fadA or fadB mutation accu-
mulated PHA up to 12% of the cell dry weight when grown on
Cy to C,¢ fatty acids. By replacing the wild-type promoter of
phaC1 with either the alk or lac promoter, polymerase levels
were inducible, leading to 20 to 30% PHA formation with
PHA polymerase 1 or 2. These experiments show that PHA
polymerase is the only dedicated enzyme for PHA biosynthesis
in Pseudomonas and that additional enzyme activities may be
provided by ancillary enzymes (217).

Conclusions

With the identification of pha genes from multiple organ-
isms, the possibilities of constructing recombinant PHA pro-
ducers have emerged. History has repeated itself in that P3HB
was again the first biological polyester, but now from a recom-
binant microorganism. The diversity of natural PHAs, how-
ever, was rapidly conferred to E. coli, and several ssc-PHAs
and msc-PHAs have been synthesized in recombinant bacteria,
albeit with various degrees of success. Significant progress
must be made to produce a variety of PHAs in recombinant
bacteria by cofeeding strategies, let alone from single-carbon
sources. The optimization of fermentation systems for these
recombinant organisms will also remain a challenge. Since

PHAs are not natural products of E. coli, the responses by
high-cell-density cultures to nutrient limitations that trigger
subsequent feeds are unpredictable. New fermentation feeding
strategies will therefore have to be developed.

METABOLIC ENGINEERING OF PHA BIOSYNTHETIC
PATHWAYS IN HIGHER ORGANISMS

In an effort to reduce the cost of P(3HB) production, indus-
trial interest has initiated programs for P(3HB) production
systems in plant crops. Commercial oil-producing crops, such
as Brassica, sunflower, or corn, have been bred to accumulate
these oils to high levels. If one were able to replace the oil by
PHAs and have the polymer be accumulated to 30% of the
seed, PHA production per acre could be around 350 Ib. Pro-
duction of 1 billion 1b of PHA would then require an area of
2.5 million acres (8% of the state of Iowa). The potential of an
agricultural PHA production system is thus enormous (293).
The prospects of producing P(3HB) in plant crops is encour-
aging now that several studies have reported the synthesis of
PHAs in yeast, insect cells, and several plant species.

Saccharomyces cerevisiae

In contrast to E. coli, where the complete P(3HB) pathway
had to be introduced for PHA formation to occur, P(3HB) was
produced in yeast by expressing only part of the biosynthetic
pathway. P(3HB) granules could be visualized in Saccharomy-
ces cerevisiae cells when just the P(3HB) polymerase gene from
R. eutropha was introduced into the cells. However, P(3HB)
was accumulated to only 0.5% of the cell dry weight. This low
level of P(3HB) may result from insufficient activity of the
endogenous B-ketoacyl-CoA thiolase and acetoacetyl-CoA re-
ductase enzymes. 3-Ketoacyl-CoA thiolase (10 to 20 nmol/min/
mg) and acetoacetyl-CoA reductase (150 to 200 nmol/min/mg)
were detected and were thought to supply sufficient substrate
for P(3HB) polymerase (138). Future improvements of this
eukaryotic P(3HB) production system may require elevation of
these activities.

Insect Cells

Expression of the R. eutropha phbC gene in insect cells was
first achieved in Trichoplusia ni (cabbage looper) cells by using
a baculovirus system. Expression of phbC was successful, since
within 60 h after viral infection, 50% of the total protein was
P(3HB) polymerase. In contrast to other recombinant systems,
expression of phbC in insect cells allowed rapid purification of
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the soluble form of P(3HB) polymerase (291). This is surpris-
ing, since overexpression of PhbC in recombinant E. coli usu-
ally results in insoluble, inactive P(3HB) polymerase.

An elegant study with insect cells attempted to create a
diverse set of PHA monomers endogenously by transfecting a
mutant form of the rat fatty acid synthase into Spodoptera
frugiperda (fall armyworm) cells by using a baculovirus (292).
This previously characterized fatty acid synthase mutant does
not extend fatty acids beyond 3HB (113), which was subse-
quently converted to P(3HB) by the cotransfected P(3HB)
polymerase from R. eutropha. The presence of P(3HB) gran-
ules in the insect cells was visualized by immunofluorescence.
Although P(3HB) production was achieved, only 1 mg of
P(3HB) was isolated from 1 liter of cells, corresponding to
0.16% of the cell dry weight. These studies provide examples of
the use of alternative, eukaryotic enzymes for the generation of
P(3HB) intermediates and the ability to express the phb genes
in heterologous hosts (292).

Plants

Recently, efforts have been made to produce P(3HB) in
plants. Stable expression of the phb genes has been achieved
and the P(3HB) produced is chemically identical to the bacte-
rial products with respect to the thermal properties (7,,,, T,
AH), while the molecular weight distribution of the polymer
was much broader. Still, a significant fraction of the plant
P(3HB) had a molecular weight of 1,000,000, which indicated
that plants can make P(3HB) of sufficient quality for industrial
processing (200).

Since, in contrast to bacteria, eukaryotic cells are highly
compartmentalized, there are a number of challenges in ex-
pressing phb genes in plants. phb genes must be targeted to the
compartment of the plant cells where the concentration of
acetyl-CoA is the highest but only in such a way that growth of
the plant is not restricted.

Arabidopsis thaliana. Although not a crop plant, Arabidopsis
thaliana was the first plant of choice for transgenic P(3HB)
studies since it is the model organism for heterologous expres-
sion studies in plants. The only enzyme of the P(3HB) synthe-
sis pathway naturally found in A. thaliana is 3-ketoacyl-CoA
thiolase. This cytoplasmic 3-ketoacyl-CoA thiolase produces
mevalonate, the precursor of isoprenoids. Because of the pres-
ence of endogenous thiolase activity, only the phbB and phbC
genes from R. eutropha were transfected, resulting in the ac-
cumulation of P(3HB) granules in the cytoplasm, vacuole, and
nucleus. The expression of the phb genes had an adverse effect
on growth which was possibly due to the depletion of acetyl-
CoA from an essential biosynthetic pathway. Alternatively,
P(3HB) accumulation in the nucleus could be detrimental
(199). Similar growth defects and low P(3HB) yield were ob-
tained with the commercial crop Brassica napus. These prob-
lems could not be surmounted by introducing phbA in the
presence of phbB and phbC. This suggests that the endogenous
thiolase activity may not have been the critical factor in the
phenotypic problems associated to P(3HB) synthesis (178).

An improved plant production system was subsequently de-
veloped by expressing all three phb genes in the plastid of A.
thaliana. The plastid was targeted for P(3HB) production be-
cause of the high level of acetyl-CoA in this organelle, which is
the site for lipid biosynthesis. The P(3HB) content in the plas-
tids gradually increased over time, and the maximum amount
of P(3HB) in the leaves was 14% of the dry weight (179). In
contrast to the broad molecular mass distribution of P(3HB)
produced in the cytoplasm (200), P(3HB) isolated from the
plastids had a uniform molecular mass of 500,000 Da (177).
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Gossypium hirsutum (cotton). Recently phb genes were en-
gineered into cotton (Gossypium hirsutum) to determine
whether P(3HB) formation could alter the characteristics of
the cotton fiber. Constructs containing phbB and phbC were
targeted to fiber cells. Expression of these constructs was
switched on in the early fiber development stages (10 to 15 days
postanthesis), under the control of the E6 promoter, or during
the late fiber development stages (35 to 40 days postanthesis),
when the genes were under the control of the FbL2A pro-
moter. In the fibers of the transgenic plants, the endogenous
thiolase activity varied between 0.01 and 0.03 pmol/min/mg
and the reductase activity varied between 0.07 and 0.52 pmol/
min/mg. Epifluorescence studies showed that P(3HB) granules
had been deposited in the cytoplasm (112). Due to the pres-
ence of P(3HB) granules in the cotton fiber, the heat capacity
of the purified cotton was increased and better insulation prop-
erties were obtained (26). Further improvement of P(3HB)
and cotton fiber compositions is expected to improve cotton
characteristics with respect to dyeability, warmth, and wrinklibil-
ity. Even though the maximum levels of P(3HB) amounted to
only 3.4 mg/g of dry fiber, the incorporation of P(3HB) to this
level already showed an effect.

Zea mays (corn). The P(3HB) biosynthetic pathway from R.
eutropha has also been expressed in Black Mexican sweet
maize (Zea mays L.) cell cultures. Cell cultures were grown in
a bioreactor for 2 years rather than in fully differentiated
plants. The thiolase activity (0.140 U/mg) was constant, but the
reductase activity was less stable and decreased from 0.64 to
0.12 U/mg. The phbC gene was initially detected, but after 1.5
years of cultivation it had been lost. In addition to the insta-
bility of the phbB and phbC genes, the transformed plant cells
grew more slowly than the native cells did (75).

Conclusions

Although P(3HB) synthesis has been achieved in plants, the
results obtained so far clearly indicate that a long road is still
ahead. In contrast to microorganisms, metabolism in plants is
mostly compartmentalized, which complicates the tasks at
hand. Current and future developments in the molecular biol-
ogy of plants will undoubtedly find rapid application in the
pursuit of PHAs in plant crops. An intriguing development is
the potential for transgenic P(3HB) to play a role in engineer-
ing new characteristics into existing materials such as cotton.
Obviously, the limits of transgenic PHA production are unpre-
dictable.

POTENTIAL ROLE FOR PHAs IN NATURE

Since bacteria did not evolve PHA production as a means of
supplying plastics to mankind, the accumulation of PHAs by
bacteria must have evolved out of an advantageous phenotype
related to the deposition of these materials. Besides the dis-
cussed role as storage material for carbon and reducing equiv-
alents, low-molecular-weight P(3HB) has been found to be
part of bacterial Ca®>" channels and is also bound to protein
and lipids in eukaryotic systems.

Voltage-Dependent Calcium Channel in Escherichia coli

An extensive body of knowledge was developed by Rosetta
Reusch and coworkers at Michigan State University on the
possible role and function of low-molecular-weight P(3HB) in
microbial physiology (98, 99, 219, 223, 224). Recently it was
established that P(3HB) in conjunction with polyphosphate
can form a complex in E. coli that transports calcium ions. A
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FIG. 16. Model of the P(3HB)-Ca?*-polyphosphate complex from E. coli. This P(3HB) complex forms a channel in the membrane to transport Ca?* ions out of
the cell. It is proposed that the channel is also involved in DNA uptake by competent E. coli cells. In this model, the Ca®" ions (green) are localized between the inner
polyphosphate molecule (yellow phosphorus atoms and red oxygen atoms) and a P(3HB) helix (red oxygen atoms, blue carbon atoms, and white hydrogen atoms). The
methyl side groups of the P(3HB) helix face the outside of the channel and are in contact with the hydrophobic lipids of the membrane. The carbonyl oxygen atoms
face the interior of the channel and ligand the Ca”* ions. The phosphate groups play a similar role. Extrusion of Ca?* ions may result from physical constraints on
the structure or from enzymatic synthesis and degradation of the polyphosphate chain at the membrane/cytosol and membrane/periplasm interfaces.

model of such a complex is shown in Fig. 16. An alternative
model has been based on the crystal structure of pure P(3HB)
oligomers; however, that structure does not take the polypho-
sphate molecule into account (238).

Complexed P(3HB) (cPHB) is a low-molecular-mass P(3HB)
(less than 15,000 Da) that has been found in low concentra-
tions attached to cellular proteins (99) or complexed with cal-
cium and polyphosphate in the form of a calcium channel in
the cytoplasmic membrane (219, 224). It has been proposed
that these latter structures aid the import of DNA after cells
have been made genetically competent in procedures that use
calcium ions. When cultures of A. vinelandii, Bacillus subtilis,
Haemophilus influenzae, and E. coli are treated to make them
genetically competent for DNA uptake, a specific change in the
structure of the membrane of these cells is detected by fluo-
rescence studies (223). Comparative studies indicated a close
relationship between genetic competence, the appearance of
this characteristic change in membrane structure, and the
cPHB content of E. coli cells. In these studies, the transforma-
tion buffer that is generally used to make E. coli cells compe-
tent was varied such that instead of Ca®" ions, a broad range
of mono-, di-, and trivalent cations were examined for their
capacity to make cells prone to take up DNA. From these
studies, it was clear that only Ca*>" and Mg”" ions can establish
the competence state and that some ions support low efficien-
cies of transformation or even inhibit DNA uptake completely.
For each metal ion, the transformation efficiency was closely
related to the structure of the membrane as observed by fluo-
rescence studies (98).

Because this type of P(3HB) is so different from the P(3HB)
in the storage granules, new assays were developed to deter-
mine the amount of P(3HB) in biological samples. By using
these techniques, it has been shown that competent E. coli cells
contain cPHB in their cytoplasmic membranes and that the
presence of cPHB was directly related to the transformability
of the cells. The molar ratio of the components of the P(3HB)-
polyphosphate-Ca** complex was determined from cPHB pu-
rified from genetically competent E. coli to be 1:1:0.5. These
isolated cPHB complexes were able to form Ca?* channels
when introduced into liposomes (224) or voltage-activated
Ca?* channels in lipid bilayers. Identification of this channel as
a calcium channel constitutes the first known biological non-
proteinaceous Ca”* channel (219). At present, no information
is available for the genes and the corresponding gene products
that are participating in cPHB biosynthesis. The elucidated
genomic sequence of E. coli (12) does not show any significant
homolog of a PHA polymerase-encoding gene.

Subsequent work proved that a channel with identical prop-
erties can be reconstituted from Ca** polyphosphate and syn-
thetically prepared (R)-3-hydroxybutyrate oligomers (33). Re-
cently, P(3HB) and polyphosphate have also been identified as
components of purified Ca?"-ATPase from the human eryth-
rocyte, a well-studied Ca®* channel (220). Given the relative
simplicity of the P(3HB)-polyphosphate complex in compari-
son with the proteinaceous Ca** channels, it is tempting to
consider the possibility that these bacterial channels have a
primordial origin.
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Low-Molecular-Weight PHB in Eukaryotic Organisms

P(3HB) is not just an insoluble molecule made by bacteria
but, rather, is a unique compound with a variety of roles and
functions in nature. P(3HB) has also been found in a variety of
plant and animal tissues (218). In human plasma, P(3HB) can
be found associated with very-low-density lipoprotein and low-
density lipoprotein, but not with high-density lipoprotein. In
addition, a significant portion of P(3HB) is found associated
with serum albumin. The lipid molecules and albumin are
thought to be acting as transporters of P(3HB) through the
blood, with albumin being the major carrier (225). If P(3HB)
plays a physiological role in large eukaryotic organisms, the
need for a P(3HB) carrier makes sense, since P(3HB) is highly
insoluble in aqueous solutions.

Possible Evolutionary Precursors of PHB

Since PHB is such a high-molecular-weight molecule, it be-
comes an intriguing question to find which cellular function has
driven its evolution. The direct involvement of DNA, RNA,
and protein in sustaining life provides a simple clue for the
presence of these macromolecules in the living cell. PHA,
however, seems to be an inert molecule, and, as with polysac-
charides, it is interesting to speculate about the roots of such
molecules. Intracellular stores are obviously advantageous dur-
ing prolonged periods of starvation, but what was the evolu-
tionary, low-molecular-weight precursor? Why were 3-hy-
droxyacyl-CoAs found to be good substrates for deposition in
intracellular granules, and could they have been abundant in
the cell during starvation? Where did the enzymes that facili-
tate PHA synthesis come from? The most obvious hypothesis
for its original biosynthetic pathway is suggested by similarities
of its monomers to intermediates of fatty acid metabolism.
3-Hydroxy fatty acids are part of fatty acid biosynthesis and
degradation, and these pathways do involve a B-ketoacyl-CoA
thiolase and B-ketoacyl dehydrogenase. However, PHA poly-
merase, the enzyme involved in the unique step in PHA bio-
synthesis, does not have any significant homology to other
proteins, and its evolutionary predecessor remains enigmatic.

By analogy, one can speculate about the origin of other
ubiquitous storage materials such as starch, glycogen, or nat-
ural rubber. For these polymers, an evolutionary predecessor
should also have a more essential function than being a storage
molecule. Several oligosaccharides are essential for a bacte-
rium. Trehalose is a dimer of glucose molecules and serves as
an osmoprotectant for the cell. Lipopolysaccharides are oligo-
saccharides linked to diacylglycerol moieties and play a role in
maintaining cell integrity and viability. Limited polymerization
of glucose may have been an early evolutionary step in the
eventual pathway to polysaccharides such as glycogen and
starch. Other polysaccharides may have been synthesized by
analogous pathways built on this scheme. In that context, oli-
gomers of P(3HB) may have been, or may still be, important
for life. Recently, oligomers of (R)-3-hydroxybutyrate were
identified as pheromones in spiders (237). The P(3HB) com-
ponent of Ca”" channels and perhaps other transporters may
be a subsequent low-molecular-weight predecessor of the high-
molecular-weight material. Although unrelated to commercial
PHA production, this evolutionary perspective suggests that
cPHB may become a new paradigm in microbial physiology or
even biology in general. As such, it may provide additional and
unexpected clues to the future of biological polyesters.

METABOLIC ENGINEERING OF POLY(3-HYDROXYALKANOATES) 47

CONCLUSIONS

An immense body of information is available presently to
engineer organisms for the synthesis of almost any PHA. A
polymerase-encoding gene for a specific composition can be
chosen from a set of 18 identified genes. Depending on the
pathway to be used for generating the desired monomers,
PphbAB, phal, or phaG genes are available. These can be chosen
from a number of different organisms as well. In addition to
these essential phb genes, other enzymes may be used to gen-
erate novel monomers. The opportunities seem limitless.

Recombinant production of molecules such as PHAs will
undoubtedly thrive on the enormous biological diversity of
nature, where novel protein activities can be obtained from
exotic places, while gene cloning becomes less and less of a
technological hurdle. In the future, bacterial fermentations will
be able to support the production of a wide range of PHAs.
For economic reasons, plant crops promise to be a more de-
sired vehicle for PHA production. New procedures to intro-
duce and express genes in plants are generated rapidly and will
enable the timely expression of desired genes in the compart-
ments of choice. Enzymes with all the desired characteristics
will furthermore be obtained by new in vitro molecular breed-
ing approaches as long as the screening tools are available. It
is clear that at the start of the third millennium, transgenic
PHA producers will be an important source of green plastics
and chemicals to the world. With the advent of further devel-
opments in metabolic engineering, such biotechnologies will be
the rule rather than the exception.
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